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ABSTRACT. Cytochromec peroxidase (CCP) fronsaccharomyces cersiae was subjected to directed
molecular evolution to generate mutants with increased activity against the classical peroxidase substrate
guaiacol, thus changing the substrate specificity of CCP from the protein cytocleranaesmall organic
molecule. After three rounds of DNA shuffling and screening, mutants were isolated which possessed a
300-fold increased activity against guaiacol and an up to 1000-fold increased specificity for this substrate
relative to that for the natural substrate. In all of the selected mutants, the distal arginine (Arg48), which
is fully conserved in the superfamily of peroxidases, was mutated to histidine, showing that this mutation
plays a key role in the significant increase in activity against phenolic substrates. The results suggest that,
in addition to stabilizing the reactive intermediate compound I, the distal arginine plays an important role
as a gatekeeper in the active site of CCP, controlling the access to the ferryl oxygen and the distal histidine.
Other isolated mutations increase the general reactivity of the peroxidase or increase the intracellular
concentration of the active holo form, allowing their selection under the employed screening conditions.
The results illustrate the ability of directed molecular evolution technologies to deliver solutions to
biochemical problems that would not be readily predicted by rational design.

An intriguing problem in biochemistry is the question of molecule of ferrocytochrome (Cc?") to ferricytochromec
how the protein scaffolds in heme-containing enzymes (Cc"), it thereby being converted to an oxyferryl (fFe
control the reactivity of the cofactor. To identify residues O) species, which is called compound 1).(Compound I
that play an important role in controlling the reactivity of subsequently reacts with another molecule of ferrocyto-
one of the best-characterized peroxidases, the cytochcome chromec, converting CCP back into its resting stafg. (

peroxidase (CCProm Saccharomyces cerisiae, we have The substrate specificities within this superfamily of
decided to use directed molecular evolution to generate peroxidases vary considerably, with substrates ranging from
mutants with novel substrate specificities. CCP is a mito- a protein in the case of CCP to classical peroxidase substrates
chondrial, heme-containing peroxidase that Catalyzes theSuch as pheno|s and anilines in the case of HRP and CIP
oxidation of ferrocytochrome by H;O; (1). It is @ mono-  (4). Furthermore, bacterial catalase-peroxidases possess
meric protein of 294 residues and is a member of the sjgnificant catalase activity5]. In addition to its natural
superfamily of plant, fungal, and bacterial peroxidas®s ( substrate, CCP can oxidize small organic and inorganic
In addition to CCP, members of this superfamily include supstrates, although its activity is orders of magnitude below
the bacterial catalase peroxidases, ascorbate peroxidasegat of HRP or CIP and the small substrates are oxidized at
(AP), and secretory fungal and plant peroxidases such asgifferent sites of CCP than cytochrornés). Small substrates
Coprinus cinereuperoxidase (CIP) and horseradish peroxi- approach the heme from its distal side, and the electron
dase (HRP). The first step in the reaction mechanism of these[ransfer is believed to take p|ace near theneso edge of
peroxidases is their reaction with,8& which forms an  the porphyrin 6). Within the formed complex of cytochrome
oxyferryl (Fe"=0) species and an organic cation radical, ¢and CCP, the two hemes are more than 17 A apart and the
the so-called compound LY. In CCP, the organic cation  electron transfer is believed to occur via the proximal side
radical is an indolyl cation radical at Trp193)( whereas of the heme of CCP7).
the other peroxidases of this superfamily form a porphyrin - ccp pas peen shown to be an ideal system for probing
st cation radical. Compound | of CCP then oxidizes one and manipulating the properties of a heme enzyme. For

T Funding of this work was provided by the Volkswagen-Stiftung example, the_re have b?en various efforts t.o rationally (_:hange
(/72 578) and the European Community (Grant BMH4-CT97-2277). the enzymatic properties of CCP, including the design of

* To whom correspondence should be addressed. Fax: 41-21-692mutants with increased or altered specificity against small
3965. E.'mac;': k";‘]i.-jo.hnsson@i°°-“””-0h- peroxidase substrate8, ), the introduction of metal binding

s :222:3: dg gh:ng ﬁ?ﬁé‘r”é?euii Analytique. sites (LO, 11), the transformation c_)f CCP into a manganese

1 Abbreviations: heme, iron protoporphyrin IX regardless of oxida- peroxidase2, 13), or the generation of mutants capable of
tion state; CCP, cytochrome peroxidase; hCCP, CCP with an  oxidizing hydroxyarginine 14). Despite these successes,

N-terminal six-His tag; HRP, horseradish peroxidase isozgn@P, these studies also show that, due to the complexity of the
C. cinereugperoxidase; AP, ascorbate peroxidase; ABTS;&zhobis- . ; . . .
(3-ethylbenzothiazoline-6-sulfonic acid); IPTG, isoprofiy-1-thioga- protein—cofactor interactions, a detailed understanding of all
lactopyranoside; Amp, ampicillin. the mechanistic questions as well as the rational design of
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peroxidases or heme enzymes with tailor-made activities is mM final concentration), incubated for an additib8zh at
still a very ambitious goal. As an alternative to rational 37 °C. Bacteria were collected by centrifugation, resuspended
design, the directed molecular evolution of enzymes is a very in 3 mL of lysis buffer [50 mM NaHPQ,, 5 mM imidazole,
powerful tool for generating mutants with novel properties and 300 mM NaCl (pH 8)] with 3 mg/mL lysozyme and
for a particular application or for studying enzyme mecha- kept on ice for 30 min. Extended sonification at this point,
nisms (L5). Recently, the directed molecular evolution of probably due to the solubilization of inclusion bodies,
heme proteins has been used to study their strucfurection increased the vyield of soluble hCCP. The lysate was
relationship as well as to develop mutants for practical centrifuged at 1000pand 4°C for 10 min and the pH of
applications. These experiments include the generation ofthe supernatant adjusted to pH 7. Hemin was added to a final
CIP mutants with increased thermal and oxidative stability concentration of 20@M, and the solution was kept at°€
(16), the generation of HRP mutants with better folding for 5 min. Ni—NTA—agarose (35Q@.L), equilibrated with
properties 17), the isolation of myoglobin mutants with lysis buffer, was added and the resulting solution mixed by
increased peroxidase activity8), the increase of the ther- inversion for 5 min. The capacity of the resin at this point
mostability of a catalase-peroxidask9), and the selection  was smaller than the amount of hCCP. The resin was poured
of cytochrome P450 enzymes with improved properties asinto a 5 mL polypropylene column, washed with 3 mL of
biocatalysts Z0). washing buffer [50 mM NakPQO,, 15 mM imidazole, and
We describe here our experiments aimed at establishing a300 mM NacCl (pH 7.5)], and the protein was eluted with 1
system for the directed molecular evolution of CCP and its mL of elution buffer (200 mM imidazole in washing buffer).
application in generating mutants with novel substrate The eluted protein was dialyzed against 50 mM:REy and
specificities. Using this system, CCP mutants with a 300- 65% glycerol (pH 6) at #C and stored in aliquots at80
fold increased activity against the classical peroxidase °C. The purity was checked by 11% SPBAGE and
substrate guaiacol were generated. Surprisingly, in all of the eéstimated to be around 95%. The rafigyg/Asso for wild-
highly active mutants Arg48, which is one of only nine type hCCP was 1.22, and those of the mutants were between
residues that are fully conserved in the superfamily of plant 1.25 and 1.5. Heme content was determined by the pyridine

peroxidases2), has been mutated to histidine. hemochromogen assagd). Protein concentrations were
measured by the Bradford ass&B)
EXPERIMENTAL PROCEDURES Construction of the Libraries and DNA ShufflingNA

, ) ) shuffling was performed following the protocol of Stemmer

Reagents. Chemicals used in thls_ work were purchasedq; 51 ©4). A 1.4 kb PCR product using primers Al3461 and
from Fluka AG. Enzymes for recombinant DNA work were - o 3465 was amplified from phCCP (encoding either the wild
purchased from MBI Fermentas or New England Biolabs. yne or mutants selected after screenings) and used for the
DNase | (from bovine pancreas, cell culture grade) was pnase | fragmentation. Fragments of about-400 bp were
purchased from Boehringer Mannheim. Cytochrani#om = iq|ated and reassembled by PCR without primers. Primers
horse heart) was purchased from Fluka. For the affinity 513771 and AI13772 were then used to amplify a 1.3 kb
purification, N—NTA—agarose (Qiagen) was used. Libra_ries fragment. The PCR product was digested v, a 900
were plated ordybondC supermembranes (Amersham Life 1, tagment isolated from a 1% agarose gel, and ligated into
Sciences). Sfi-digested phCCP. The size of the libraries, obtained after

! OligonucleotidesThe following primers were usid: AI3461,  electroporation of the ligation product into BI21(DE3) cells,
CGATATAGGCGCCAGCAACC; AI3462, °AAGC- was usually about 5 10* independent clones. The libraries

TTTAATGCGGTAGTTTATCACAGT; Al3771, CGA- were stored in 10% glycerol as aliquots-#80 °C. The DNA
TGCGTCCGGCGTAGAG; Al3772,5CACCGTCACCCTG-  shyffling for the preparation of library PTI was performed
GATGCTGTA’; PTO1,°’ATATCGATATGGCCAGCACG-  yjith DNA fragments of about 106400 bp, obtained after
GCCACACCGCTCGTTCATGY; and HS057CCGTAG- digestion of the CCP gene in the presence of2M(25).
GTACCGGCCAAAAAGGCCTCACTATAAACCTTGTTCE. Error prone PCR was used to generate library PTII,
Construction of a Vector for Expression and Screening of following the protocol of Arnold et al. and using primers
Libraries. The CCP gene, from Thrl to Leu294, was AI3771 and AI3772 26).
amplified by PCR fromS. cereisiae using primers PTO1 Screening of the LibrariedAbout 3—-5 x 10° independent
and HS057, digested witsfil, and ligated into &fi-digested  clones were directly spread on a nitrocellulose membrane
PET-15b derivative Z1). In the resulting plasmid phCCP, (14 cm diameter) and grown on an LB agar plate (190
the CCP gene is downstream of the T7 promoter, possessesnL. Amp) overnight at 28C. The membrane was then placed
an N-terminal six-His tag, and is placed between two on an LB agar plate (10@g/mL Amp) containing 1 mM
different Sfil sites, which allow for the efficient directional  |PTG and the plate incubatedrf@ h at 37°C. After the
cloning of CCP libraries into the vector. One of the t/fi incubation, the membrane was briefly air-dried and placed
sites lies between the six-His tag and Thrl, and the otheron several layers of filter paper, which were wetted with
immediately after the stop codon. In this construct, the the substrate and @, dissolved in the appropriate buffer.
following amino acids are expressed as an N-terminal fusion The filter was then visually inspected for the development
to CCP: MSSHHHHHHSSAMASTA. The sequence of the of colored colonies. The fastest staining colonies were
construct was verified by sequencing. manually picked and amplified overnight in LB medium (100
Expression of Wild-Type hCCP and Mutants. Escherichia ug/mL Amp). Alternatively, the CCP gene was directly
coli BI21(DE3) cells carrying plasmid phCCP were grown amplified by PCR using primers Al3461 and Al3462.
in 50 mL of LB (100ug/mL Amp) at 37°C and 190 rpm Kinetic MeasurementdAll measurements were taken at
until the ODyoo reached 0.6 and, after addition of IPTG (1 30 °C on a Perkin-Elmer Lamda 10 spectrophotometer if
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not stated otherwise. Reported data are the average of at |eash o 7 5 7 25 5 # 5 o 1 15 151 108 150 155 190 159 201 22¢ 226 296 25 202 708

three independent measurements, unless stated otherwisecs

Oxidation of guaiacol was assessed at pH 6 with 50 mM
KH,PO,, 170uM H,0,, and 5 mM guaiacol and an enzyme
concentration of 500 nM (wild-type) or 5 nM (mutant) by
monitoring the absorbance at 470 nim=26.6 mM 1 cm™?)

(6). For the determination d..:andKy values, the guaiacol
concentration was varied from 5 to 40 mM. Oxidation of
pyrogallol was assessed at pH 6 with 50 mM iy, 170

UM H20,, and 5 mM pyrogallol and an enzyme concentration
of 500 nM (wild-type) or 5 nM (mutant) by monitoring the
absorbance at 470 nna € 2.64 mM cm™?) (8). Oxidation

of ferrocytochromec was assessed at pH 6 with 50 mM
KH2PO,, 180uM H,0,, and 40uM ferrocytochromec and
enzyme concentrations of 500 pM by monitoring the absor-
bance at 550 nmAe = 18.5 mM cm™) (8). The data
reported here are the average of two measurements. Com
mercial horse heart cytochromevas reduced with dithionite
as described by Yonetani et al., and the concentration of the
freshly reduced cytochrome was determined from the
absorption at 550 nme (= 27.6 mMt cm™?) (44). Oxidation

of K4Fe(CN) was assessed at pH 6 with 100 mM 3Dy,

600 uM H.0,, and 17 mM KFe(CN) and an enzyme
concentration of 75 nM (wild-type) or 37.5 nM (mutant) by
monitoring the absorbance at 420 nen= 1 mM~! cm™)
(10). For the determination dé..:andKy values, the KFe-
(CN)s concentration was varied from 3 to 25 mM.

Stopped-flow kinetics were measured with an Applied
Photophysics SX 18-MV stopped-flow spectrometer and
were carried out in 50 mM KKHPQO, at pH 6 and 25C. The
formation and decay of compound | were monitored at 424
nm and at HO, concentrations of 0.2aM and between 5
and 154M. The concentration of the enzyme was 0,28
after mixing. To ensure pseudo-first-order conditions at 0.25
uM H,0,, a CCP concentration of 2/0M was used under

these conditions. Spectra of compound | were recorded using

a J&M TIDAS diode array spectrometer.

The pH profiles with guaiacol (5 mM) were measured at
30°C in 50 mM citric acid/citrate buffer (pH 4:55.5) and
50 mM potassium phosphate buffer (pH-5&0). The ionic
strength was kept constant at 180 mM using kNthe HO,
concentration was 170M.

RESULTS

Expression of Protein and Construction of Librari€ar
the molecular evolution of CCP, the gene fr@ncereisiae
was cloned into a pET-15b derivative that allows for high
expression levels ift. coli, the one-step purification with
the aid of an affinity tag (six-His tag), and the simple cloning
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Ficure 1: Sequences of the clones AN11 selected after three
rounds of DNA shuffling and screening for guaiacol activity. The
asterisk denotes that due to the deletion of the first base of the
stop codon, AN11 has an extension of 11 amino acids (SEA-
FLANGSGC).

reported in the literature is similar to the value reported for
wild-type CCP under these conditions (58195 s 1) (10).
The affinity tag thus does not interfere with the activity of
the protein and allows the parallel purification of several
mutants in 1 day. The yield is about 1 mg of protein per 50
mL of shake flask culture.

Libraries of CCP were constructed by DNA shufflirizy},
using either Mg" or Mn?* as the metal ion in the DNase |
fragmentation reactions, as well asdyor-pronePCR @6).

The size of the libraries after transformation was usually
around 5x 10* independent clones. Sequencing of nine
randomly picked clones from the libraries obtained by DNA
shuffling with Mr?* as the DNase | cofactor in the
fragmentation reactions showed a mutation frequency of
about 0.2%. The mutation frequency of the emplogedr-
prone PCR protocol has been reported to be around 0.2%
(26), and the mutation frequency for DNA shuffling using
Mg?* as the cofactor in the DNase | fragmentation reactions
has been reported to be around 0.724)(

Screening of hCCP Librarie&lp to 10t hCCP clones from
the prepared libraries were plated on a 14 cm diameter
nitrocellulose membrane. The screening of the hCCP libraries
for increased activity against guaiacol relies on the brown
color of the product tetraguaiaca?), i.e., the staining of
colonies expressing active hCCP. Visual inspection of the
membrane allowed the selection of the fastest staining
colonies. Substrates other than guaiacol, which allowed
staining of colonies expressing hCCP, included dianisidine,
phenylendiamine, ABTS, pyrogallol, and luminol (detection
by chemiluminescence). The background staining with these
substrates proved to be negligible.

We conducted three successive rounds of DNA shuffling
and screening for mutants with increased activity against
guaiacol. In each round, roughly i@ utants were screened.
After the first round of shuffling, the first colonies started

of CCP libraries into the vector due to the presence of two to stain after 8 min, whereas colonies expressing wild-type
flanking Sfil restriction sites. Purification of the resulting hCCP stained after 20 min (using 20 mM guaiacol and 360
polyhistidine-tagged CCP (hCCP) without adding cofactor ©M H>0;). Twenty-seven mutants were selected and sub-
after lysis results in the isolation of a large excess of the jected to DNA shuffling. After the second round, the first
apoenzyme with the presence of about 1% holoenzyme (videcolonies stained after 2 min and 30 mutants were selected
infra). To convert the apo form to the holo form, hemin is for another round of DNA shuffling. For the third round,
directly added to the lysate before the affinity purification. lower guaiacol concentrations were used (2 mM) and the
The one-step purification of hCCP yields protein that is about first colonies stained after 5 min, whereas colonies expressing
95% pure. The resulting hCCP possesseRaralue of 1.22,  wild-type hCCP did not stain within 60 min.

which is close to the literature value of 1:2%5.3 for CCP Eleven clones obtained after the third round were char-
without an affinity tag. The specific activity of hCCP against acterized by sequencing (Figure 1). On average, each clone
cytochromec (936 4+ 65 s1) measured under conditions has about five point mutations, the lowest number being four
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FIGUurRe 2: Structure of the active site of CCP showing the position
of Arg48 and His52 on the distal side of the heme cofac@).(
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The number of screened colonies per round’ionly
a small fraction of just the total number of possible double
mutants for CCP (about 1.6 107). To test how reproducible
the results of these screenings were, we constructed two
independent libraries of hCCP using DNA shuffling with
Mn?* as the cofactor in the DNase | fragmentation reaction
(library PTI) as well agrror-pronePCR (library PTII). After
one round of screening of both libraries for mutants with
increased activity against guaiacol (a total of t@lonies
screened from each library), 10 clones that stained signifi-
cantly faster than the wild type were analyzed by sequencing
(Table 1). Nine of these ten clones had mutations that were
also present after three rounds of DNA shuffling. Four of
the ten clones possessed the mutation Arg48His, although
these all were independent clones, as they all had additional
(silent) mutations. One clone each also had the mutations
Thr180Ala and Asp224Asn, two amino acids that are also
mutagenized in each of the 11 clones obtained after three
rounds of DNA shuffling. These findings show that the
screening is reproducible and strongly suggest that most of

and the highest eight. In addition to six point mutations, clone the mutations found after three rounds are additive.

AN11 also has an eleven-amino acid extension at the

Characterization of Selected Mutants ANIL1. The clones

C-terminal end, resulting from a deletion of the first base of AN1—11 were expressed and purified as described for wild-
the stop codon TAG and a resulting frameshift. Three type hCCP. The UV spectra of the clones were all very
positions have been mutagenized in every clone: Arg48 to similar and exhibited a small shift of the Soret band to a

His, Thrl80 to Ala, and Asp224 to Asn (seven times), Val
(three times), or Gly (once). Arg48 is one of only nine amino

higher wavelength (409.2 nm instead of 408.2 nm for the
wild type) and a slightly higheR; value than the spectrum

acids that are completely conserved among all peroxidasesof wild-type hCCP (1.251.5). The spectroscopic properties
of the superfamily of plant, fungal, and bacterial peroxidases of the mutant AN5 are listed in Table 2. These data, in
(2). Sequence identities between individual members are asparticular, the ratiofserel Asso andAsadAszs (i.€., As20 AcTy),

low as 16%. Arg48 is located on the distal side of the heme suggest that AN5, as well as the other mutants A1, is
next to the equally conserved distal histidine (Figure 2). In mostly a mixture of the penta- and hexacoordinated high-

CCP, Arg48 plays an important role in the stabilization of
compound | 28, 29), where it is believed to interact with
the oxene ligand of compound B@). Mutating Arg48 to

spin form @2). Similar results have been reported for an
Arg48Glu mutant of CCP29).
The activities against guaiacol, pyrogallol, cytochrome

Lys, Leu, or Glu decreased the stability of compound | by and KsFe(CN}) are shown in Table 3. Thus, three rounds of

2—3 orders of magnitude2g, 29). Thrl80 lies on the

successive DNA shuffling and screening improved the

proximal side of the heme in the direct neighborhood of the activity of CCP up to 300-fold against small phenolic
propionic acids (Figure 3). Asp224 is not in direct contact substrates, whereas in comparison, the changes in activity

with the heme or any catalytically important amino acids

against the natural substrate cytochrorraes well as KFe-

(Figure 3). There are also a number of mutations that appear(CN)s were relatively small. These data indicate that the

at least twice: Asnl64Asp (three times), Asn184Tyr (twice),

Asp279Gly (twice), and Ser282Gly (three times). Of the

significant increases in activity against guaiacol and pyro-
gallol are not due to a general increase in peroxidase activity

mutations that have been found more than once, only but rather specific for phenolic substrates.

Arg48His, Thr180Ala, and Asn184Tyr are in direct contact

The measured velocity of the guaiacol oxidation as a

with the heme or are located in the distal cavity or the function of the guaiacol concentration for mutant AN10 is
substrate access channel (Figure 3). Of the residues that havehown in Figure 4. Very similar results were obtained for

been mutated in only one of the clones of the AN series,
only Vall54 is in direct contact with the heme. Noteworthy

the other mutants (AN211). At guaiacol concentrations of
<5 mM, a rapid inactivation of the enzyme was observed,

also is the mutation Asp148Asn, which lies at the entrance resulting in a nonlinear increase in the rate of the reaction
of the substrate access channel of CCP. On the basis ofas the guaiacol concentration is increased. The observed rate
structural alignment, the homologous amino acid of HRP at constants.,swere 0.46 mM st at 1 mM guaiacol and 1.55

this position is Phel42, which is part of a distinct hydro-

mM s at 2 mM guaiacol. The rapid inactivation of the

phobic patch near the exposed heme edge and is importanselected mutants at low guaiacol concentrations can be

for the binding of small aromatic substrate¥l); Conse-

rationalized by the low stability of compound | due to the

quently, the mutation Asp148Asn at the entrance of the Arg48His mutation (vide infra)48, 29). This instability of
substrate channel of CCP might facilitate the binding of compound | results in a competition between its reduction
hydrophobic substrates such as guaiacol. Of course, mutaby guaiacol and its endogenous reduction and inactivation

tions might also arise due to neutral drift. The complexity
of the structure-function relationship of CCP makes an

of the enzyme 33, 34). Second, at guaiacol concentrations
of >15 mM, an inhibition of the reaction with increasing

interpretation of the selected mutations in the absence ofguaiacol concentrations was observed. This substrate inhibi-

further data very speculative.

tion is not observed with hCCP. However, similar effects
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Asn 164 =

Ficure 3: Locations of substituted residues in the structure of C&3. Only the residues that have been mutated more than once in
clones ANX-11 are shown.

Table 1: Clones Isolated from Libraries PTI and PTII (H 202_] > [E]) can be fitted to a single-expor}ential function.
, - The bimolecular rate constant for the formation of compound
clone library m9tat'°r‘% l'is (9.3+ 0.3) x 10° M~1 s7L. This is only a factor of 4
l';% ﬂ: :‘Sr gi‘g::; Lvs243GIn lower than the value reported for the wild-type enzy®i8 (
PT3 PTI Lys12lle As)p/)22 AASN and thus mt_jlcates that the mutation Arg48His or gny_qf the
PT4 PTI Thr180Ala other mutations present in mutants AN11 do not signifi-
PT5 PTI Arg48His Asp136Asn cantly effect the rate of formation of compound I. These data
PT6 PTI Vala7AlaArg48His are in agreement with the rate constants of compound |
Eg Ei: égz‘iggly formation obtained for other Arg48 mutant®8( 29). For
PT9 PTII Arg48His Phe77Tyr example, the rate constant for compound | formation of the
PT10 PTII Leu232Pro mutant Arg48Lys is only a factor of 2 less than the value of
a Mutations also found in clones ANA11 are shown in italic; silent  the wild type @8). However, the stability of compound | of
mutations are not listed. ANS5 is drastically reduced compared to that of wild-type

CCP. The corresponding decay of the absorbance at 424 nm
can best be fitted to a two-exponential function. The rate
constant describing the process with the large amplitude
(about 80%) has a value of 0.041'st 2.5uM H,0,, and

the process with the smaller amplitude has a value of 0.016
st at 2.5uM H,0, Compared to that of compound | of
wild-type CCP, the stability of compound | of AN5 is
decreased by 3 orders of magnitu8&)( Again, the decrease

have been observed for chloroperoxidase, where the binding
of the substrate in the distal cavity prevents the formation
of compound | 85). Although the low rate of turnover of
the mutants at low guaiacol concentrations and the inhibition
by guaiacol at high guaiacol concentrations prevent the
calculation ofk.y and Ky values from this set of data, we
nevertheless can calculate a lower limit for the specificity > ) . .
constanke/Ky (calculated from the data listed in Table 3). in stab|l!ty of AN5 can be best explained with the mutation
The lower limit of keafKy for the most active mutant AN5 Arg4sHis.
is 22.4 s mM~1, and thus at least a factor of 230 above A pH profile for the mutants AN5, AN9, and AN11 (which
the measurett../Ky value for hCCP (Table 4) and only a  carry Asn, Val, and Gly at position 224, respectively) with
factor of about 4 below the value of HRBE). guaiacol as a substrate was measured from pH 4.5 to 8
To investigate how the selected mutations, in particular, (Figure 6). As with wild-type hCCP, there is an increase in
the mutation Arg48His, affect the rate of formation of activity from pH 4.5 to 6.5. However, in contrast to wild-
compound | and its stability, the reaction of the mutant AN5 type hCCP, the mutants show a decrease in activity at pH
with H,0, was characterized by stopped-flow kinetics (Figure > 6.5, which is partially due to the inactivation of the enzyme
5). To confirm the formation of compound I, a spectrum under these condltlons. A pOSS|bIe_epranat|on is that in the
after reaction for 1.04 s was recorded using a diode arraySelected mutants, His48, to substitute for Arg48, needs to
spectrometer (integration time of 14 ms). The Soret maxi- e protonated for the stability and activity of the enzyme.
mum is shifted to 413 nm, and two charge-transfer bands at Role of the Mutation Arg48HisThe most common
529 and 551 nm appear, this being consistent with the mutation found in clones isolated from one round of
formation of compound | as an intermediatd3,( 34). screening is Arg48His. The activity of clone PT1 (Table 1),
Formation of compound | under pseudo-first-order conditions which possesses only the mutation Arg48His, is Z2ausder
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Table 2: UV Spectrum of AN5 in 100 mM KP
absorption maxima nm (m# cm™?); sh= shoulder

pH o) Soret CT2 B o CT1 AsorelAsso As20/As3s
4 ~378 (55.4, sh) 409.5 (109.6) 505 (10.9) ~542 (8.2, sh) 637.5(3.7) 1.9 0.87
6 409 (117.9) 505.5(10.3) ~536 (9, sh) 639 (2.8) 2.1 0.79
8 ~377 (41.5, sh) 409.5 (114.6) 505.5(8.5) ~536 (8, sh) ~566 (5.1, sh) 634 (2.7) 2.5 0.88

Table 3: Apparent First-Order Rate Constants for the Oxidation of Role of Mutations Thr180Ala and Asp224A%n.address

Different Substrates at pH 6 and 3G* the role of the mutations Thrl180Ala and Asp224X &
guaiacol pyrogaliol _ cytochromez  K4Fe(CN) Asn, Val, or Gly), the prop_e_rues of the mu_tants PT3 and
(s 5 ) (s PT4 were examined. In addition to the mutation Asp224Asn,
hCCP  037: 001 237103 737+ 10 262+ 10 _PT3 also carries the mutation Lys12lle. Howevgr, as Lys12
AN1 8590+ 1 237+ 20 349+ 20 270+ 10 is located on the surface of CCP and the mutation Lys12lle
AN2 815+ 1 241+ 10 525+ 30 365+ 10 was not found in any of the mutants obtained after three
ﬁmz ;g-gii gii 18 éggi 28 zgji %8 rounds of selection, the influence of this mutation on the
ANS 1120+ 2 260+ 30 7514 30 5354 20 properties of PT3 was neglected. 'Plasmld.s encodlng 'the
ANG 72142 138+ 10 399+ 30 96+ 10 mutants PT3 and PT4 reduced the time required for staining
AN7 60.5+ 3 181+ 10 4144 10 214+ 10 of colonies by a factor of approximately 4. However, the
mg g;-gig éggi ig 11%% 28 gggi ig activities of the purified proteins against guaiacol showed
AN1O 783+ 3 2174 20 868+ 50 370+ 10 no major differences with respect to hC_CP (Table 4)._ In both
AN11  73.4+ 2 215+ 20 109+ 10 335+ 20 cases, the and Ky values for guaiacol were slightly

2 . " . — . reduced compared to those for hCCP and the specificity
Expg’ﬁﬁfgﬁt“af’ﬁ[‘ﬂﬂf’jﬂ;@ the different substrates are described in constantke.o/Ky was within 20% of the value for hCCP.
Similar tendencies were seen for the substraee(CN};,
although the&Ky, of PT4 for K;Fe(CN) was decreased about
6-fold (Table 4). A faster staining of a colony could also be
achieved by simply increasing the concentration of the holo
form of hCCP inE. coli. To investigate if this was the case
for the mutants PT3 and PT4, the enzymes were isolated by
4 affinity purification without adding hemin after lysis of the
cells. No significant variations in the amount of total protein
isolated could be detected (3.880.42 mg for wild-type
2+ hCCP, 4.17+ 0.22 mg for PT3, and 4.23 0.35 mg for
PT4 per 150 mL of shake flask culture). However, in the
case of PT3 and PT4, an about2-fold increase in the

v(mMs-ix 104

0 . . . . , r . ' amount of the isolated holo form was observed. Under these
0 10 0 0 0 conditions, the percentage of the holo enzyme for wild-type
s (mM) hCCP was 0.86t 0.36%, whereas the value for PT3 was

Ficure 4: Dependence of the measured velocity in the AN10- 2.6+ 0.4% and the value for PT4 1:8 0.2%. The amount
catalyzed oxidation of guaiacol as a function of the guaiacol of totg| extractable heme . coli has been reported to be
concentration. The reactions were assessed &£2Mhd pH 6 with b t2’5 | mEL ODeoc 2 (38). Th ts of the hol
50 mM KH,POy, 1704M H,0, and 5 nM AN2. about 25 pmol m 6oo ~ (38). The amounts of the holo

form of wild-type hCCP isolated fronk. coli BI21(DES3)

the conditions of Table 3 and thus about 70-fold higher than after expression are 4. 1.8 pmol mL™* ODgoo *. We

that of hCCP, and it possesses already about 25% of thetherefore conclude that_the_re is mtracellqlar competition fqr
activity of the most active clone. Furthermore, the mutant héme between heme-binding host proteins and hCCP, with
with the single mutation Arg48His exhibits faster inactivation @ Significant fraction of the heme scavenged by the host
and therefore a lower turnover with guaiacol as a substrateProteins. Consequently, mutations that increase th.e affinity
compared to AN5. The average turnover per enzyme before©f the apo form of hCCP for the heme (or rather increase
inactivation under the conditions described in Table 3 is the rate constant for the formation of the holo form) will
about 1100 for PT1 and 6200 for AN5. Thus, additional &lso be selected under the conditions used in our screening
mutations have increased the ratio of the rates of guaiacolSyStem.

oxidation relative to enzyme inactivation in the course of = Role of Asn184Asn184 has been mutated to tyrosine in
the directed molecular evolution of hCCP. As with mutants two of the 11 mutants isolated after three rounds of sub-
AN1-11, PT1 fails to form a stable compound | (data not sequent DNA shuffling and screening (mutants AN3 and
shown). The activities of PT1 against cytochroomas well AN7) and to isoleucine in mutant PT2, which has been ob-
as K;Fe(CN} have not significantly changed, the relative tained after one round of screening of independent libraries.
activities compared to wild-type hCCP under the conditions Asn184 is located at the side of the porphyrin and its side
described in Table 3 being 0.5 and 0.7, respectively. Thesechain amide makes a hydrogen bond to the propionic acid
data show that the mutation Arg48His is to a large extent of the heme (distance of 2.93 A). It is one of the amino acids
responsible for the increased guaiacol activity of the mutantsthat is part of the distal cavity near the substrate entrance
AN1—11 as well as the observed instability of compound I. channel in CCP, the distance between the nitrogen of the
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Table 4: Kinetic Parameters of Mutants P2 for the Oxidation of Various Substrates at pH 6 and®G8

guaiacol KiFe(CN) cytochromec®
clone Keat (S7%) Ku (mM) kealKu (571 mM~1) keat (s7%) Ku (mM) kealKm (St mM™?) Krel
hCCP 6.9+-1.8 71.7+£21.4 0.097+ 0.003 309+ 10 12.2+ 0.6 25.3+0.3 1+ 0.15
PT2 16.7+ 4.5 53+ 17 0.316+ 0.016 465+ 38 13.7£ 1.6 339+ 1 1.45+ 0.14
PT3 3.86+ 1.18 33.2+13.2 0.116+ 0.01 316+ 15 9.1+ 0.7 347t 1.1 1.05+ 0.05
PT4 2.8+ 0.1 279+ 1.3 0.1+ 0.001 825+ 1.7 2.3+ 0.16 359+1.8 0.32+ 0.015

a Detailed conditions for the determination of the parameters are described in Experimental Pro&dehrekarity, data are given as relative
constants compared to that of hCCP. The absolute value for the oxidation of cytochitpm®CCP is given in Table 3.

w1
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.05 0.10 {&LS

Time /seconds
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Residuals

20 30 40 50

Time /seconds
Ficure 5: Stopped-flow trace at 424 nm observed upon mixing

0.5uM AN5 and 5uM H,0, at pH 6 and 25C. The increase at
424 nm (inset) corresponds to compound | formation, and the

rounds of selection, we have neglected its influence on the
properties of clone PT2. THe, of PT2 is increased about
2.4-fold against guaiacol, and tig, is lowered by a factor

of about 1.4. Accordingly, the mutation Asn184lle increased
the specificity constank.,/Ky by a factor of about 3.
Furthermore, the activity against the natural substrate cyto-
chromec is increased by a factor of 1.45, and tkeg; for
K4Fe(CN}is increased by a factor of 1.5. These data indicate
that the mutation Asnl184lle in CCP increases the general
reactivity of the enzyme.

DISCUSSION

The goal of this work was to establish a system that allows
for the directed molecular evolution of CCP. Subsequently,
we wanted to use this system to generate mutants with
increased activity against the classical peroxidase substrate
guaiacol, thus shifting the specificity from a protein as a
substrate toward a small organic molecule. Taking advantage
of the fact that CCP can be functionally expressed in high
yields inE. coli and that a number of peroxidase substrates

subsequent decrease is attributed to its decomposition. The tracegjie|d colored, fluorescent or chemiluminescent products, we

are the average of three experiments, and the reaction can be be%

fitted to a three-exponential function.

100 4

kobs (s 1)

Ficure 6: pH profile for the oxidation of guaiacol by mutants AN5
(v), AN9 (a), and AN11 @) and wild-type hCCP (*). Thekops

sed a simple colony screen to examine up tbdifferent
mutants in a single experiment. Substrates that can be
used in the screen include phenols, aromatic amines, ABTS,
K4Fe(CN), and luminol.

Using this screen, mutants with up to 300-fold increased
activity against guaiacol were isolated after three rounds of
DNA shuffling and screening. The specificity toward guai-
acol versus the natural substrate cytochrane increased
up to 1000-fold. Under the employed screening conditions,
the same mutations were repeatedly identified from inde-
pendent libraries. Mutations that have been analyzed in
greater detail and lead to a faster staining of the colonies
can be divided into two groups: mutations that increase the
intracellular concentration of active CCP and mutations that
increase the peroxidase activity against the substrate guaiacol.

Mutations that increase the intracellular concentration of
active hCCP but do not significantly affect the activity of
the protein against guaiacol are Thr180Ala and Asp224Asn.

values (obtained by dividing the measured velocity by the enzyme These two mutations increase the affinity of the apo form

concentration) for wild-type hCCP are multiplied by a factor of
100.

side chain amide of Asn184 and the &f Arg48 being 4.7

A. To investigate the influence of the deletion of the hydro-
gen bond to the propionic acid and the introduction of a
hydrophobic amino acid at this position in CCP, we char-
acterized the kinetic properties of PT2 (Table 4). In addition

of the peroxidase for the cofactor, as shown by-&Zold
higher heme content after expression and purification of the
protein.

The biggest impact on the activity against guaiacol comes
from the mutation Arg48His. The data for the selected
mutants AN1-11 and PT1, i.e., the instability of their
compound | and the rapid inactivation at low guaiacol

to the mutation Asnl184lle, PT2 also bears the mutation concentrations, confirm the importance of Arg48 in the

Lys243GIn. However, as this mutation is located on the

stabilization of compound 128, 29). The measured rate

solvent-exposed side of helix | and the mutation Lys243GIn constant for compound | formation of mutant AN5, which
was not found in any of the mutants obtained after three is only a factor of 4 less than that of the wild type, confirms
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Ficure 7: Proposed mechanism for the oxidation of phenols by HB&40). B represents the distal His42 of HRP.

the observation that Arg48 does not play a critical role in ferryl oxygen. This would facilitate the required proton
the formation of compound 128, 29). transfer from the phenol to either the distal His52 or the ferryl
How does the mutation Arg48His then increase the activity oxygen of compound Il. As the reduction of compound Il is
of CCP against phenols such as guaiacol? The oxidation ofusually slower than the reduction of compound$); the
phenols by HRP has been the center of intense research, anthcilitated proton transfer to the ferryl oxygen of compound
a scheme of the mechanism is shown in Figur&9, 40). II might be more important for the observed acceleration
In short, electron transfer from the substrate to the heme isthan the proton transfer to His52. This mechanism would
accompanied by simultaneous proton transfer from the phenolbe in agreement with the observed specific increase in
to either the distal histidine (in the case of compound I) or activity against phenols, whereas the activity againgte<
the ferryl oxygen (in the case of compound II). A water mole- (CN)s, a substrate where no proton transfer from the substrate
cule might mediate the proton transfer in both cagis. ( to the protein is required but which is also oxidized at the
Arg38 in HRP (which is equivalent to Arg48 in CCP) con- distal side of the hemes), is not significantly affected. The
tributes to the binding of the substrate and its interaction relatively small changes in activity against cytochrorraéso
with both compound | and compound BZ, 40). In the ter- indicate that the mutation Arg48His does not change the
nary complex of HRP with the phenolic substrate ferulic acid general reactivity of the heme to a large extent. The
and cyanide, the ]Nof Arg38 forms a hydrogen bond to the hypothesis that guaiacol binds differently in the distal cavity
phenolic oxygen of ferulic aciddQ). This hydrogen bond is  of mutants ANt-11 compared to wild-type hCCP is also
believed to assist the proton transfer to the distal histidine supported by the inhibition of the guaiacol oxidation at high
(reduction of compound 1) or to the oxyferryl (Fe=0) concentrations of guaiacol. The fact that Arg48 has only been
species (reduction of compound I1). In a successful attempt mutated to histidine could be rationalized considering that
to increase the peroxygenase activity of HRP, Ortiz de Mon- this mutation maintains a positive charge in the distal cavity
tellano and co-workers mutated Arg38 of HRP to either Ala and, possibly, a hydrogen bond to the ferryl oxygen. His48
or His (41). As the peroxygenase activity is to a large extent would thus be capable of substituting for Arg48 in certain
controlled by the access of the substrate to the ferryl oxygen,respects, but still would increase the steric access to the ferryl
these experiments also demonstrate that Arg38 in HRP playsoxygen and His52. The possibility that His48 itself partici-
a role in controlling the steric access to the reactive ferryl pates in general base catalysis appears possible but less likely,
oxygen. In accordance with the proposed role of the hydrogenas the distal His52 in CCP is in an ideal position to act as a
bond between Nof Arg38 and the phenolic oxygen of the general base catalyst and since the measured pH profiles
substrate in the oxidation of phenol&], the k.o values of indicate that His48 is protonated in the active state of the
the Arg38His and Arg38Ala mutants against guaiacol were peroxidase. The proposed mechanism implies that Arg48 in
decreased 2- and 55-fold, respectivedl)( However, the CCP, as the homologous Arg38 in HRP, plays an important
Kwm values for guaiacol for both mutants were also decreasedrole in controlling the access to the ferryl oxygen and the
10-fold. It therefore can be stated that Arg38 in HRP, in distal histidine. Considering that the distal arginine is not
addition to its role in the formation and stabilization of absolutely essential for the stabilization of compound 1 in
compound |, controls the steric access in the distal cavity. HRP @2), or for the catalysis of its formation in CCR§,
Taking into account the mechanism of phenol oxidation 29), but appears to play an important role in controlling the
and the role of the distal arginine in HRP, we propose that access to the active site in both proteins, one could argue
the mutation Arg48His in CCP increases the steric accessthat it is its role as a gatekeeper in the active site that has
of the phenolic substrate to both the distal His52 and the led to its conservation in the evolution of peroxidases.
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A mutation that increases the general reactivity of CCP is
Asnl84lle. This mutation, selected from the library PTI,
increases the activity against guaiacol,FE(CN), and
ferrocytochromec. In addition, Asn184 has been mutated
to Tyr in two of the 11 clones obtained after three rounds of
DNA shuffling and screening. Our data indicate that a more
hydrophobic distal cavity of CCP and the deletion of the
hydrogen bond to the propionic acid destabilize compounds
| and Il relative to the resting state and therefore increase
the reactivity of the peroxidase.

Furthermore, there are a number of additional mutations
in the selected mutants AN1L1, which are scattered over
the structure of CCP. The role of these mutations in the
directed molecular evolution of CCP is not obvious. Ad-
ditional experiments and structural information are needed
to address these questions as well as to validate the hy-
potheses on the discussed mutations. The difficulties in un-
derstanding the effects of some of the selected mutations
demonstrate the complexity of the structdfanction rela-
tionship of CCP.

In summary, our experiments on the directed molecular
evolution of CCP have shown that this is a powerful method
for rapidly generating CCP mutants with interesting proper-
ties and improving our understanding of the structure
function relationship of this enzyme. The selected mutations
leading to an increase in activity against guaiacol, in
particular, Arg48His, would not have been obvious candi-
dates in the rational design of CCP mutants with increased
activity against guaiacol and thus show the strength of a
combinatorial approach. Selections for CCP mutants with
increased peroxidase activity against different substrates
should help us to identify and clarify the role of other cat-
alytically important amino acids. Furthermore, the screen will

allow us to use techniques such as saturation mutagenesis29.

to address the role of specific amino acids in catalysis and
protein folding of CCP.
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