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ABSTRACT. We have previously shown that the"ISite found in the proximal heme pocket of ascorbate
peroxidase (APX) could be successfully engineered into the closely homologous cytodperogidase

(CcP) [Bonagura et al., (199®iochemistry 356107-6115; Bonagura et al. (199®8iochemistry 38
5538-5545]. In addition, specificity could be switched to binding*Cas found in other peroxidases
[Bonagura et al. (1999). Biol. Chem. 27437827 37833]. The introduction of a proximal cation-binding

site also promotes conversion of the Trp191 containing cation-binding loop fraoset to an “operf
conformer. In the present study we have changed a crucial hinge residue of the cation-binding loop,
Asn195, to Pro which stabilizes the loop, albeit, only in the presence of botind@hé crystal structure

of this mutant, N195PK2, has been refined to 1.9 A. As predicted, introduction of this crucial hinge
residue stabilizes the cation-binding loop in the presence of the bodndAK in earlier work, the
characteristic EPR signal of Trp191 cation radical becomes progressively weaker with increaging [K
and the lifetime of the Trp191 radical also has been considerably shortened in this mutant. This mutant
CcP exhibits reduced enzyme activity, which could be titrated to lower levels with increasthgvften

horse heart cytochronmeis the substrate. However, with yeast cytochranas the substrate, the mutant

was as active as wild-type at low ionic strength, butO-fold lower at high ionic strength. We attribute

this difference to a change in the rate-limiting step as a function of ionic strength when yeast cytochrome
c is the substrate.

Yeast cytochrome peroxidase (CcP)a biological redox on the iron as FE—O and as an amino acid free radical
partner of ferrocytochrome(cyt ¢) for which high-resolution located on Trpl913—6). This oxidized state designated
crystal structures are availablé, (2) catalyzes the two-  compound I, has a half-life of several hours in the absence
electron reduction of peroxide to water in a multistep reaction of reductant 7). Compound I then is reduced by ayFe*)

cycle as follows: back to the resting state in two successive one-electron-
" o ) transfer reactions. When yeast cy the substrate, it appears
Fe” Trp + H,0, » Fe -OTrp +H,0 that dissociation of cyt from CcP at low ionic strength is
Resting State Compound | limiting under steady-state condition8)( At higher ionic
Fe"'-0 Trp" + cyt. ¢ (Fe?) — Fe'-O Trp + oyt ¢ (Fe*) strength electron-transfer processes become limi8hgine
Compound | Compound /I remarkable aspect of this electron-transfer reaction is that
Fe™-O T + oyt ¢ (Fe®) — Fe* Trp + oyt ¢ (Fe¥) + H,0 the heme edges of the redox partners remain separated by

Compound Ii Resting State no less than 18 A, as revealed by the crystal structure of the
noncovalent complex9j.

CcP first reacts with peroxide to give a stable intermediate  ~.p ~onsists of a 294-residue polypeptide with a single
where the two oxidizing equivalents of peroxide are stored heme prosthetic group coordinated to His175. A unique

: : : feature of the CcP reaction cycle is the formation of a stable
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addition to steady-state enzyme activity, single turnover
electron transfer and the Trp191 EPR signal could be titrated
with K*. This indicated that binding of Kto the engineered
site is responsible for loss in enzyme activity caused by the
electrostatic destabilization of Trpl91-containing cation-
binding loop. However, the mutations required to introduce
the cation-binding site into CcP also destabilized the cation-
binding loop such that the loop more easily undergoes a large
conformational change to aapen conformation, where
Trp191 moves-10 A toward the molecular surface as shown
in cavity complementation experimengl( 25). To separate
the effects of cation-binding and loop-stability, we have
mutated a crucial hinge residue in CcPK2 of the cation-
binding loop, Asn195, to the corresponding residue in APX,
Pro. We find that the loop now favorscosedconformer,
albeit, in the presence of K Our goal was to distinguish in
greater detail, the effects of electrostatic destabilization of
Trpl91 cationic radical and the structural/kinetic effects
involved in cytc binding to CcP at this surface loop. Here

FIGURE 1: Schematic model of the CcP showing the location of we present a detailed structural and functional analysis of
engineered cation site. The darkened loop represents residues 192 this K™ mutant, N195PK2.
199, which constitute the cation-binding loop. Trp194+-B A away

from the cation. MATERIALS AND METHODS

reduction of peroxide, a two-electron oxidant, by cyta Materials. Enzymes and reagents for site-directed muta-
one-electron reductant. Although the details of how electrons genesis were purchased from Roche Molecular Biochemicals
are transferred from reduced oyto CcP are unclear, the  gnd New England Biolabs Inc. (Beverly, MA). Chromatog-
CrySta| structure of CCP'CyicompleX does indicate that Cyt raphy C0|umnsl media and W‘F free Tris base were pur-
¢ binds near the 196195 loop region of CcPY). The CcP-  chased from Amersham-Pharmacia Biotech. 1,2-Dimethyl-
cyt ¢ co-crystal structure9d) together with a wealth of  jmidazolium (DMI), 2-methyl-2,4-pentanediol (MPD) and
biochemical data indicates that each electron delivered fromijgn free phosphoric acid were purchased from Aldrich
ferrocytc is accepted by the Trp191 cationic radica#(  Chemicals. Horse heart and yeast cyand guaiacol were
15) which explains why Trp191 is essential for actividff.  purchased from Sigma. All other chemicals were molecular
Various experimental approache$5¢18) as well as  pjglogy grade or better and were purchased from Sigma or
theoretical calculations1Q, 17, 19) support the view that  Eisher.
the Trp191 radical is cationic, although there is not complete  sjte-Directed Mutagenesi§he cation-binding mutants of
agreement on this poin2(). Replacement of Trp191 by Gly  ccp were designated CcPK2 and N195PK2. CcPK2 has five
leaves a cavity that binds a'on (17) as well as protonated  amino acid substitutions corresponding to the cation-binding
forms of imidazole derivativeslg, 21). In addition, com-  |oop in APX. CcPK2 is altered at the following residue
putational methodsl(Q, 17, 19) indicate that the electrostatic  positions: A176T, G192T, A194N, T199D, and E201S as
environment of the protein surrounding Trp191 is designed previously reported1(0, 24). N195PK2 has the substitution
to stabilize the Charge on the Trp191 cationic radical. A N195P on CcPK2 protein_ O”gonudeotide-directed mu-
related heme peroxidase, ascorbate peroxidase (APX), COntagenesis experiments were performed according to the
tains a homologous Trp (Trp179) in the same position. method of Kunkel et al.26) as described earlierl(, 24)
Tl’p179 in APX sits directly adjacent to the pI’OXimal His163 on pT7_7 vector that contained the CcPK2 ge]]@) (using
ligand and donates a hydrogen bond to a conserved Aspan appropriate primer to get the desired mutation. All
residue exactly as in CcP. However, APX does not form a mytations were confirmed by DNA sequencing. To change
stable Trp-centered radical but, instead, a porphy@ation  the proximal Asn195 to Pro the following oligonucleotide

radical €2), as in other peroxidases. This difference was was purchased from Operon Technologies, Inc. (Alameda,
attributed in part to the presence of Kon bound within CA):

~8 A distance of the Trp179 of APX, which is absent in

CcP (Figure 1). The proximal cation-binding loop (containing GGG CCA TGGACT GCC AATCCC AACGTCTTT

K* or C&") is characteristic of all peroxidases whose

structures are known, except native CcP, where a water The Asn195 on the CcPK2 template was replaced by Pro,
molecule occupies that position (Figure 1). The positively the corresponding residue in APX and other peroxidases.
charged cation in APX helps to prevent formation of a stable Site-directed mutagenesis was carried out by annealing this
Trp179 cationic radical owing to electrostatic destabilization oligomer to the single stranded uracylated CcPK2 template
(10, 22, 23). This hypothesis was tested by engineering the that was produced iEscherichia colRZ1032 cells following

K* binding site of APX into CcP. The resulting CcP mutant, the method of Kunkel et al26) as described previousIT,
designated CcPK2, bindstivith high affinity and specific- 28). The mutagenic phosphorylated oligomer was boiled with
ity, has only 1% of wild-type activity in the presence of K template at a ratio of 20 pM oligomer to 1 pM template for
and exhibits a significantly weakened EPR signal associated10 min and annealed for 15 min each at°td 37°C, and
with the compound | Trp191 cationic radical( 24). In then at room temperature, and finally on ice. Next, 1 mM
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ATP was added with T4 DNA polymerase and T4 DNA N195PK2 was added to 5 or 100 mM Tris-phosphate, pH
ligase in excess to the reaction mixture and incubated at room6.0 (Na/K™* free), containing K or other ions at various
temperature for 34 h followed by 4°C overnight. The concentrations, and then 180 H,O, and 30uM horse
reaction mixture was then transformed by electroporation into heart or yeast cyt were added in concert to begin the
competent MV1190 cells and colonies were selected underreaction. Tris-base (N&K™ free) (1 M) was equilibrated to
ampicillin resistance. Transformation efficiency was gener- pH 6.0 with ion-free phosphoric acid purchased from Aldrich
ally low, but transformants were likely to be positive clones Chemicals. Results are presented as turnover numkgjs (
without spontaneous mutations. Automated DNA sequencingas a function of [K]. Dissociation constantskKg) were
was done at the UCI DNA sequencing core facility to ensure estimated by fitting the data to titration curves assuming a
that introduced mutation was installed. The resultant protein simple equilibrium between cation free and bound enzyme
variant was called N195PK2. and a single cation binding site.

Protein Expression and Purificatio®oth wild-type CcP
(WTCcP) and mutant CcP (CcPK2 and N195PK2) proteins
were expressed under the control of T7 promoteE.ircoli
BL21(DES3) cells induced afsqo Of 1.2—1.5 with 750uM
IPTG. Proteins were purified as previously described by
Fishel et al. 29) and Choudhury et al2g) with the exception

Electron Paramagnetic Resonance (EPR) Spectroscopy.
EPR spectra were recorded on a Bruker ESP300 spectro-
photometer equipped with an Air Products LTR3 liquid
helium cryostat. Experimental conditions used to record
Trp191 cation radical formation of the wild-type protein and
mutants were as follows: microwave frequency, 9.475 GHz;

of an FPLC anion exchange step introduced for CcPK2 using microwave power, 0.5 mW; modulation amplitude, 4.57 G;
similar gradient parameters. After gel filtration on a Sephadex modulation frequency, 100 kHz; field sweep rate, 11.92 G/s;
G-75 column and heme incorporation step by standard pHtime constant, 0.0256 ms; and receiver gain,»d 00" (wild-

shift, CcPK2 was loadedma 5 mL HiTrap-Q anion type) and 2.5x 10* (N195PK2). The resting state sample
exchange column in 50 mM potassium phosphate buffer had WTCcP and N195PK2 at 30@M in 5 mM Tris-
(KPB), pH 6.0, using an Amersham-Pharmacia Biotech phosphate, pH 6.0, with or without cations in a total volume
FPLC. Stepping the gradient first to 80 mM, then to 130 of 150 uL. Compound | was formed by the addition of an
mM KPB, and finally a linear gradient from 130 to 500 mM equal volume of 36Q«M H,O; in respective buffers, and
KPB, pH 6.0, eluted the protein. After heme incorporation the samples were frozen in quartz EPR tubes by submersion
and anion exchange chromatography, CcPK2 was crystallizedin a mixture ofn-hexanes chilled into a slurry with liquid

by dialyzing against Milli-Q water. N195PK2 was produced nitrogen, immediately or at defined time intervals. Spectra
in E. coli as a holo-protein and hence did not need heme were recorded at 8 K. The data obtained were an average of
incorporation step. N195PK2 was purified by a combination 10 scans.

of gel filtration on Sephadex G-75 and DEAE-Sephacel anion  Spectral Titrations with 1,2-Dimethylimidazolium (DMI).
exchange chromatography. Both WTCcP and mutant CcPBinding assays were performed by difference absorption
proteins were stored as crystals-#80 °C in water. Mutant spectroscopy using a Cary 3E YVisible spectrophotometer
CcP concentrations were estimated spectrophotometricallyat 20°C (18). Stock solutions of DMI were prepared with
using an extinction coefficient at 408 nrasdg) of 96 000 100 mM bis-tris-propane/MES, pH 6.0. Stock protein solu-
M~tcm™L tions of CcP were also prepared in 100 mM bis-tris-propane/

Steady-State Aciity Assays.The steady-state oxidation MES, pH 6.0, so as to give an absorbance of 1.0 at the Soret
of horse heart and yeast cyt (ferrocytochromec) was maximum (10.34uM). Protein solutions were allowed to
measured at room temperature in a Cary 3E-tisible equilibrate at 20C for 30 min in the spectrophotometer and
spectrophotometer using/sesso of 19 600 Mt cmt. The the instrument blanked. An aliquot of DMI stock solution
initial linear change in optical density was used to calculate (10 uL of 1 M DMI for mutant CcP ad 5 M DMI for
activities. Typical final reactions consisted of-250 uM WTCcP) was added to the cuvette, allowed to equilibrate,
dithionite-reduced horse heart or yeast cytochran#80 and the difference spectrum recorded. Difference spectra
UM H0,, and 10 nM N195PK2 or 250 pM WTCcP in 5 were recorded until saturation was reached. Dissociation
mM or 100 mM Tris-phosphate, pH 6.B@. Hydrogen constantsiy) were determined from the changes in the Soret
peroxide concentrations were standardized with KMnO maximum of the heme using the same curve fitting proce-
using the method of Fowler and Brigh21). dures employed for the cation titration experiments.

The ability of N195PK2 to oxidize small molecule Crystallization, X-ray Data Collection and Structure
substrates was determined using guaiacol and potassiunRefinementDiffraction quality crystals were prepared in 30%
ferrocyanide as substrates. The guaiacol peroxidase activity2-methyl-2,4-pentanediol (MPD), 50 mM KPB, pH 6.0,
was determined in 50 mM Tris-phosphate, pH 6.0, containing according to Edwards and Poulos (33) as later modified by

100 mM guaiacol, 60«M H,0,, and 10 nM WTCcP or
N195PK2 @2). The formation of the oxidized product,
tetraguaiacol, was followed at 470 nm using an extinction
coefficientesz00f 26 600 Mt cm L. Ferrocyanide peroxidase
activity was determined in 17 mM jke(CN)-3H,O, 600
uM H>0,, and 10 nM WTCcP or N195PK2 in 5 mM or 100
mM Tris-phosphate, pH 6.A.6). The formation of oxidized
product, ferricyanide, was monitored at 420 nm using an
extinction coefficientespo of 1000 Mt cm™2.

The following conditions were employed to measure

steady-state activity as a function of cation concentration.

Sundaramoorthy et al34). A lower initial concentration of
N195PK2, 20QuM (~6.4 mg/mL), than previously reported
was used to grow smaller 0.2 mm crystals from touch
seeding. This smaller size crystal was necessary for better
cryogenic freezing and to avoid twinning during crystal
growth. X-ray intensity data were collected from a single
flash frozen crystal using an R-AXIS IV imaging plate on a
Rigaku rotating anode X-ray source equipped with a Crystal
Logic cryogenic N delivery system. Initial image processing,
indexing, and integration were performed wWiPENZO
version 1.9.1, and the integrated data were scaled using
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Table 1: Statistics of Data Collection and Refinement of N195PK2

and CcPK2
N195PK2 CcPK2
data collection

space group P212:2; P2:2:2;
unit cell dimension

a(h) 106.68 106.41

b (A) 75.34 75.39

c(A) 51.30 51.18
total reflections 315272 262 488
unique reflections 33299 33436
resolution (A) 1.9 1.9
I/o last shell 4.19 8.87
completeness full dataset (%) 99.4 98.1
completeness last shell (%) 99.5 96.1
R-factor Rsymm)? 0.088 0.051

refinement

resolution range (A) 50:01.9 50.0-1.9
no. of reflections 32159 32224
Reryst’ 0.1582 0.1622
Riree (5% data set aside) 0.199 0.1932
rms bond lengths (&) 0.0052 0.0051
rms bond angles (deg) 2.2523 2.6931
no. of solvent molecules 730 606

a Rsym: zuobs_ Iavg‘ilavg- b Rcwsl: Z(“:obsl - |Fcalc|)/Z|Fost- crms ) 3 X
bond and rms angle represent the root-mean-squared deviation betweefN€ course of refinement, no constraints or restraints were

the observed and ideal values.

SCALEPACHKversion 1.9.034). Summary of data collection

is provided in Table 1.

The starting model for refinement was CcPCa2 obtained
at cryogenic temperatures. Tom (version 3.0) was used to
replace D192T, T194N, and N195P. The model was fitted
to N195PK2 data using rigid body refinement as imple-

mented iNCNS(version 1.0) 86). Next, 5% of the data were
set aside to calculat@.. for cross-validation37). To begin

refinement of the model, simulated annealing starting at 3000
K as implemented i€NSwas used to remove any previous
model bias. The subsequent refinements involved multiple

rounds of model building in Tom (version 3.0), with
positional refinement for 100 cycles followed B¢factor
refinement for 30 cycles witltNS Alternative conforma-
tions were modeled for residue positions Arg48 and Arg166 Site of N195PK2 in relation to CcPK2 and APX is provided
and water molecules 65 and 474. In addition 730 ordered in Figure 4. In addition to the better CcPK2 structure, the
solvent molecules were added to the molecular model. To APX structure had been refined to a higher resolution using
compare these data with CcPK2 structure, the CCPK2 data@ 1.8 A cryogenic datase38). This enables a more accurate
obtained at Stanford Synchotron Radiation Laboratory and direct comparison of bond distances and angles among
(SSRL) beamline 7-1 was indexed, scaled, and refined tothe CcPK2, N195PK2 and APX cation-binding loops, as
the same resolution as N195PK2 usi@NS The final
refinement parameters of CcPK2 and N195PK2 are sum- hydrogen bond between the side chain amide nitrogen on

marized in Table 1.

RESULTS

Crystal StructuresFigure 1 shows the location of the'K 1 _ > -
site in the engineered CcP while Figure 2 provides a sequencdnward becoming a ligand to the cation.

alignment of the proximal cation-binding loop in various

Biochemistry, Vol. 41, No. 8, 2002687

WTCcP  A'® . G”A A N N V F T N E¥
APX T T™'s N P L I F D N 8§
Lip s D*s T P G | F D s @
CcPK2 T . T A N N N V F D N 8§
CcPCA1 T ... P2 A N N N V F D N &
CcPCA2 T'™ . DA T N N V F D N s*
N195PK2 T'® . ™ A N P N V F D N s

FiIGurRe 2: Sequence alignments of the cation-binding loop in
various peroxidases. Side chain ligands are in bold face. The
remaining ligands are provided by peptide carbonyl oxygen atoms.
WT, wild-type; APX ascorbate peroxidaselP, lignin peroxidase;
CcPK2, CcPCal, CcPCazndN195PK2 mutants of WTCcP.

current mutant, N195PK2 was generated on CcPK2. The
higher resolution structure of CcPK2, refinedXiPLORat

1.5 A from data obtained at SSRL, provided a more accurate
description of the engineered cation site. To see if the N195P
mutation had brought about any changes in the cation-binding
loop, the crystal structure of N195PK2 was determined and
refined to 1.9 A resolution usingNS To obtain an accurate
and reliable comparison, the CcPK2 structure obtained at
SSRL was also refined to the same resolutio@MS During

used between the ligand and cation in order to provide an
unbiased set of ligantcation distance parameters. A2

— F. omit electron density map of N195PK2 is shown in
Figure 3. The map shows all side chain ligands of potassium
to be intact with no perceptible change in the cation-binding
environment except for the presence of Prol195. When
modeled as K with full occupancy, the temperature factor
(B-factor) refined to 11.39 A which compared favorably
with 10.4 to 11.74 A range for the seven oxygen ligand
atoms to the cation in a distorted pentagonal bipyrimidal
geometry. In addition, th&-factors of the cation-binding
loop of CcPK2 and N195PK2 agreed nicely indicating that
the N195P mutation had neither altered the cation-binding
properties of the mutant nor the cation-binding oxygen
ligands.

As a basis for comparison, the structure of cation-binding

shown in Table 2. The N195P mutation did not alter the

Asnl194 and the side-chain carboxylate oxygen of Asp199
(Figure 4). This critical hydrogen bond also seen in APX
and CcPK2 is critical for the stability of cation-binding loop.
Even more importantly, this hydrogen bond helps to orient
the other carboxylate oxygen of Asn194 side chain to point

The current model of N195PK2, similar to CcPK2, also

peroxidases. Although the backbone polypeptide conforma-showed several alternative side chain conformations. Of
tion of CcP and other peroxidases are nearly identical in the particular relevance is Arg48, a residue in the distal pocket
proximal cation-binding loop region, CcP lacks the side chain involved in the formation and stabilization of compound I,
ligands that would bind the metal ion and hence binds water which is in two positions as in CcPK2, which we have termed
rather than a cation at this position. We had previously “in” and “out’. The outconformation is the same as the room
engineered CcP to mimic APX in binding*kby changing

five crucial residues, viz. A176T, G192T, A194N, T199D,

temperature 1.7 A structure of WTCcBY while thein
conformation is similar to what is found in compoundLD(

and E201S X0, 24). This mutant was called CcPK2. The 24, 40, 41) and the fluoride complex4@). The ‘in”
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)

Ficure 3: Stereoviews of theR, — F. omit electron density map of N195PK2. The maps were contoured at 1.0 andTh€ models
were subjected to one round of simulated annealing refinement as impleme@Bi$atarting at 3000 K with the atoms shown excluded
from the refinement. The &hbinding loop is well ordered retaining all the cation-binding side chain ligands.

p
N195 5195
N194
194
T19
T17 D199 1146 D199
CCPK2 N195PK2 APX

Ficure 4: Models of the cation-binding sites in the engineered CcP mutants and ascorbate per@dB##andN195PK2 K*-binding

CcP mutantsAPX ascorbate peroxidase

Table 2: Comparison of Cation (K to Ligand Distances
residue in CcP (APX)

(distance in A) CcPK2 N195PK2 APX
Thr 176 (164) OG1 2.64 2.69 2.57
Thr 176 (164) GO 2.69 2.60 2.88
Thr 192 (180) OG1 3.00 2.93 2.96
Asn 194 (182) &0 2.72 2.68 2.77
Asn 194 (182) OD1 2.79 2.76 2.74
Val 197 (185) G=0O 2.76 2.75 2.61
Asp 199 (187) OD1 3.05 3.31 2.99
H-bond from Asn 194 (182) 2.92 2.83 2.86

ND2 to Asp 199 (187) OD2

conformation enables Arg48 to directly interact with ligands

and high ionic strength buffers led to another 10-fold loss
due to long-range electrostatic effects (Figure 5, panels A
and B). Although addition of Naalso caused-10-fold loss
in activity (Figure 5D), it required higher concentrations than
potassium, indicating ion specificity and selectivity. From
the data in Figure 5 the estimatkd values for K" and Na
are 3.3+ 0.3uM and 347.7+ 4.5 uM, respectively. None
of the other monovalent or divalent cations had any
significant influence on activity confirming the specificity
for K* and to a lesser extent Naan ion with similar charge
and size.

In previous studies we used only horse heartcws a
substrate. Here, however, we have also used yeast, cyt

coordinated to the heme iron or, in the case of high-spin which led to some interesting results. In low ionic strength
ferric complex, to an ordered water molecule situated over buffer, N195PK2 exhibited a similar activity to that of

the iron. Similarly, Arg166 exists in alternate side chain
conformations much in the same way as CcPK2.

Steady-State KinetictN195PK2 has only~10% of the
steady-state activity of WTCcP toward horse heart ¢yt
similar to CcPK2 in the absence offKIncreasing concen-
trations of K" or Na* brought about another 10-fold loss in
activity in N195PK2. However, the concentration of Na
required for maximum inhibition is about 100-fold higher
than required for K inhibition which demonstrates specific-
ity for K* (Figure 5). As discussed in earlier publications
(10, 24, 43), mutations alone contributed to a substantial loss
in activity and addition of increasing [K using both low

WTCcP (Figure 6A) and increasinghad only a moderate
effect on both WTCcP and N195PK2. In high ionic strength
buffer without added K, N195PK2 exhibited 37-fold lower
activity relative to WTCcP (Figure 6B), and increasing K
led to another 3-fold loss in activity (Figure 6B, inset), while
WTCcP was largely unaffected. Eadie-Hofstee plots for
N195PK2 gave similar kinetic constants for substrate binding
as WTCcP (data not shown) indicating that the affinity for
both horse heart and yeast ayis not altered.

The steady-state activity was also determined using two
small molecule substrates, guaiacol, and potassium ferro-
cyanide under conditions of saturating substrate. N195PK2
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Ficure 5: Kinetic titration data of N195PK2 with reduced horse
heart cytochrome. Titration of steady-state activity wild-type CcP
(closed circles) and N195PK2 (open circles) withf[KA steady-
state assay was carried out on N195PK2 at various concentration
of K*. Assays were carried out in 5 mM or 100 mM Tris-phosphate,
pH 6.0 containing 250 pM (WTCcP) or 10 nM (N195PK2) enzyme,
180 uM hydrogen peroxide and 3@M ferrocytochromec at the
indicated concentration of ions. The experimental details are
provided under Materials and Methods. (A) In 5 mM Tris-
phosphate, pH 6.0, and (B) in 100 mM Tris-phosphate, pH 6.0.
Panels C and D show the titration curves for Kpanel C) and
Na* (panel D). The insets in panels C and D are computer fits to
the data assuming a simple equilibrium with one binding $ite.
values were computed from these plots.

Biochemistry, Vol. 41, No. 8, 2002689

A

2400

N195PK2 1800 |-

3

1200

kg - {s0C™)
B

600 [

o
o 50 100 150 200 250

[Potassium] - (M)

. 0
120 0

[Potassium] - (M)

80

0 40

40 80 120

FIGURE 6: Kinetic titration data of N195PK2 with reduced yeast
cytochromec. Stead-state assays of wild-type CcP (closed circles)
and N195PK2 (open circles) were carried out in 5 or 100 mM Tris-
phosphate, pH 6.0 containing 250 pM wild-type CcP or 10 nM
N195PK2, 18(uM hydrogen peroxide, and 30M reduced yeast
cytochromec at the indicated concentrations of potassium. The
experimental details are provided under Materials and Methods.
(A) In 5 mM Tris-phosphate, pH 6.0, and (B) In 100 mM Tris-
phosphate, pH 6.0.

was added, and the spectrum recorded again. Under these
conditions the ferrocyt should be completely oxidized by
CcP compound I. If the ferrocyt transfers an electron to
the Trp191 radical, then the characteristic spectral properties
of compound | due to the E&O center will be unperturbed
since the Trp191 radical does not contribute significantly to
the visible absorption spectrum. If these conditions are met
then the spectrum of CcP-ferroaytt H,O, will be the same

as CcP+ oxidized cytc + H,0,. This is precisely what we
observe for both WTCcP and N195PK2 using both horse
heart and yeast ferrocgt This means that one full equivalent

of the Trp191 radical forms in N195PK2 compound I, which

San accept an electron from either horse heart or yeast

ferrocyt c exactly as in WTCcP.

EPR Spectroscopyf the introduced mutation resulted in
10-fold loss of enzyme activity due to instability of the Trp
radical then it should be reflected in the EPR signal of
compound I. The EPR signal of the compound | Tradical
of CcP was typically axially symmetric with a broad
envelope due to Trp191 radical being exchange coupled to
S = 1 oxyferryl heme iron center with g = 2.01—2.04.
Indeed, when the compound | Trpradical signal of

exhibited 26.2% of the WTCcP levels using ferrocyanide as N195PK2 was monitored as a function of time of freezing,
the substrate, but the activity toward guaiacol was the samethe radical signature decreased with time and vanished in
as wild-type levels (data not shown). The steady state kineticabout 20 min (Figure 7B). These spectral features also

behavior of N195PK2 is similar to CcPK2 except in our
earlier studies with CcPK2 we used only horse heartccyt
as a substrate.

Single Turneer ExperimentsSince the Trp191 radical is
unstable in the CcPK2 and N195K2 mutants, it was not
possible to test if the short-lived Trp191 radical still can
accept an electron from ferrooyusing the normal technique
of mixing preformed CcP compound | with ferroaytising
a stopped-flow system. Alternatively, one can mix a 1:1
combination CcP-ferrocyt with excess HO,, which will
generate compound | followed by electron transfer from
ferrocyt c. However, under these conditions, the rate of

indicate that the nature of the coupling between the Trp191
free radical and heme has been significantly altered. In sharp
contrast, the WTCcP EPR signal was stable for nearly 2 h
(Figure 7A). It is clear from the Figure 8A that the EPR
signal of N195PK2 gets progressively weaker as][goes
above 1uM. To some extent increasing [Npalso decreased
the compound | Trpradical (Figure 8B) but the concentra-
tions required were much higher thart KThere is a slight
increase in the EPR signal up touM K* which suggests
that at low concentrations'Kmight stabilize the radical. The
close parallel in the loss of activity and diminishing EPR
signal supports our earlier conclusions that activity loss is

intramolecular electron transfer was too fast to be measureddue to an electrostatic effect that destabilizes the Trp191

by conventional stopped-flow methods. We therefore carried
out the following experiment using a simple BVisible
spectrophotometer. One equivalent of ferrocytas mixed
with CcP, and the spectrum recorded. One equivalent©f H

cation radical in the presence of bound potassium. As
expected, the EPR properties of the N195K2 mutant com-
pound | are similar to that of CcPK2 including the ion
selectivity for potassium.



2690 Biochemistry, Vol. 41, No. 8, 2002 Bhaskar et al.

with an apparenKy of 53.94+ 7 mM (Figure 9A, inset),
similar to CcPK2 suggesting that the loop more readily
adopts armpenconformation. However, when N195PK2 was
titrated with DMI in the presence of 1M potassium, there
was little change in the difference spectrum as shown in
Figure 9B which precludes an accurate estimati€of-rom
these observations we conclude that in the absence of bound
K™ in the cation-binding loop, Trp191 more readily adopts
anopenconformation, while in the presence of kheclosed
conformation is favored just as in WTCcP. This effect was
. . specific for Kt since DMI binding to N195PK2 was
3400 3500 unaffected by the presence of either'™a C&" as indicated
. by difference absorption spectroscopy and sinlavalues
Magnetic Field - [G] (data not shown). This again confirms the specificity of
FIGURE 7: Trp191 EPR radical signal of wild-type and N195PK2  cation-binding loop to K and shows that by installing Pro

cytochromec peroxidase. The EPR Trp191 radical signal of wild- ion-hindi ie rigidified i

type and N195PK2 compound | in the absence of cations was ;tc i?rS the cation-binding loop is rigidified in the presence
monitored as a function of time of freezing the compound I. Enzyme )
(300uM) was mixed with 36Q«M H,0, in 5 mM Tris-phosphate,

pH 6.0 and the compound | formed was frozen in EPR tubes at

DISCUSSION
different defined time intervals as mentioned in the figure and their o . S
EPR spectra recorded. The data obtained were an average of 10 Stability of the Cation LoofResults presented in this and

scans. The experimental conditions are described under MaterialsPreVvious studies support the view that the engineered cation
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Ficure 8: Titration of the Trp191 EPR radical signal of N195PK2
with [K*] and [Na']. The EPR signal of N195PK2 compound |
Trpl191 radical was considerably weaker than wild-type CcP, which
correlated with the loss of activity. Enzyme (30M) was mixed
with 360uM H,0, in 5 mM Tris-phosphate, pH 6.0, in the absence
and presence of differing [K or [Na*] and the compound | formed
were frozen immediately and their EPR spectra recorded. The dat

obtained were an average of 10 scans. The experimental condition

of titration are described under Materials and Methods. (A) WTCcP,
and (B) N195PK2

Spectral Titrations with 1,2-Dimethylimidazoliunthe
section of polypeptide containing Trp191 and the £205
segment of the cation-binding loop can exist in two
conformations which are in equilibrium: one with the Trp191
in its native position¢losed and one with Trp191 extending
out in solution~10 A from its native positiondpen (21).
This leaves an open pocket formerly occupied by Trp191
that is capable of binding DMI, thus leading to easily

agwas Trp191 in its native position observed in the crystal

site acts as a molecular switch in modulating the stability of
the Trp191 cationic radical. The presence of a cati@A
away from Trp191 presumably causes electrostatic destabi-
lization of the positive charge on the Trp191 cation radical.
However, as the mutations alone destabilize the loop it was
difficult to separate the effects of the mutations alone on
radical stability from the effect of the bound catio®4).
The initial goal of this study was to try and stabilize the
engineered cation-binding loop in CcP such that the func-
tional effects of K binding and the mutations alone could
be separately analyzed. The first step was to ensure that the
conversion of Asn 195 to Pro did not alter the structure. As
expected, N195PK?2 still binds*and there is no structural
change other than the replacement of Asn with Pro.

Our earlier work 10, 24, 43) showed that mutations alone
in the absence of Kcause destabilization of Trp191 cationic
radical, resulting in a corresponding loss in enzyme activity.
One of the plausible explanations emerged from the work
of Cao et al. 21) who showed, based on crystal structures,
that CcP exists in a mixture apenandclosedconformations
and the two conformers are in equilibrium. Ttlesedform

structures while in thepenform, Trp191 moves-10 A to

the molecular surface, owing to a large movement of the
surface loop consisting of residues 1905. The cavity
created in the proximal cation-binding loop enables it to bind
protonated forms of small cationic imidazole derivatives such
as 1,2-dimethylimidazolium (DMI). This binding of DMI to
Trp191 site results in an easily detectable spectral shift to a
low-spin signal, which provides a simple method for fol-
lowing the opericlosedequilibrium.

closed— openM open-DMI

detectable spectral changes which can be used to follow the

loop open/closecconformational equilibrium Z5). In our
earlier work with CcPK2, we found that DMI bound more
tightly and faster to CcPK2 with or without K indicating
that the mutations had destabilized the loop to favooiben
conformation 24). The apparenKy for CcPK2 was found
to be 54.47 mM compared to 172.4 mM for WTCcP. As
shown in Figure 9A we found that N195PK2 bound DMI

At any given time, some fraction of the protein is in the
openconformation, which represents a small percentage of
the population. DMI selects this conformer and shifts the
loop closed/operequilibrium toward theopen conformer
(19).

The structural changes in going frorolosedto open
conformations involve two key hinge residues, Pro190 and
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Ficure 9: Binding of DMI to N195PK2. Optical difference spectra of a typical spectral titration curve for N195PK2 with DMI is shown
both in the absence of K(A) and in the presence of stoichiometric concentrations o{¥0 «M) (B) The fraction of DMI bound, [DMI},

was determined by extrapolatingAlds;, vs 1/[DMI]; to infinite [DMI] assuming one binding site. The detailed experimental conditions are
provided under Materials and Methods. The inset in panel A is a computer fit to the data assuming a simple equilibrium with one binding
site. Kg was computed from this plot.

Asn195 @5). Pro190 undergoesteansto cisisomerization, than in WTCcP possibly suggesting another neighboring site
and Asn195 side chain switches positions with main chain has been oxidized. However, the single turnover results
atoms 21, 25). Our initial engineering efforts were directed indicate that Trp191 was fully oxidized. Moreover, the
toward changing the cation ligand residues to correspondingTrp191 EPR signal is known to be extremely sensitive to
residues in APX. The next step was to introduce the entire the effects of mutations by altering the exchange coupling
cation-binding loop of APX. APX has Prol83, which is between the Trp191 radical and heme irén48, 45).

Asn195 in CcPK2 and WTCcP, at the hinge region. Since |t seems likely that the bound cation increases the redox
Asn195 is a key residue in thitosedto openconformational  potential of Trp191, but not to the extent that the heme or
switch, we reasoned that, by changing Asn195 to Pro, the some other neighboring side chain (probably Tyr) is pref-
cation-binding loop may well be rigidified which would  erentially oxidized. As indicated by recent theoretical studies
prevent the switch topenconformation. The present work  (19), the cation contributes part, but not all, of the difference
shows that, as predicted, changing Asn195 to Pro stabilizespetween APX and CcP in the ability to stabilize the Trp
the loop, but only in the presence of KTherefore, the effect  cation radical. In theory, it should be possible to continue to
of K* on the mutant EPR and activity properties can be engineer CcP such that the redox potential of Trp191 will
attributed to K binding and not loop instability. be sufficiently high that some other group, most likely the

We recently attempted thieverseexperiment by removing  heme porphyrin macrocycle, will be preferentially oxidized.
the K* site in ascrobate peroxidase (APX) in an attempt to At least this is the prediction if the local electrostatic
“turn on” the Trp radical in this peroxidasd4). However, environment is the primary determinant of redox potentials
the K*-free APX mutant underwent a large conformational and cation radical stability.
change generating a species that has two His ligands to the Steady-State Adility. It is generally thought that small
Fe* center, most likely due to the distal His coordinating phenolic substrates such as guaiacol deliver an electron to
the heme iron. Given that the engineered cation site in CcPthe exposed-mesoheme edge46) while a larger charged
is nearly identical to APX, it is not surprising that the substrate like ferrocyanide must bind on the surface of CcP,
mutant CcP cation loop now requires a bound cation for possibly at or near the same site utilized by cyHence,
stability. guaiacol delivers its electron directly to the heme edge while

Stability of the Trp191 RadicalOur single turnover  ferrocyanide utilizes the same electron-transfer path as cyt
experiments show that the engineeretidite does not alter €, namely, through the Trp191 cationic radical. Introduction
the formation of the Trp191 radical but only its stability. Of the K* binding loop into CcP should effect only the path
When 1 equiv of HO; is added to a 1:1 mix of N195PK2  Of electron transfer that requires formation of a stable Trp191
p|us horse heart or yeast ferrocy‘t the ferrocytc is radical. ThlS iS the most I|ke|y reason N195PK2 haS a
completely oxidized and the CcP compound | spectrum due "educed activity toward ferrocyanide but not guaiacol.
to the F&™-O heme is unaltered, indicating that the Trp191  Our previous work utilized horse heart ferroays the
radical must have received the electron from ferrocyt  substrate and under all conditions tested, thebiiding CcP
Hence, the engineered cation site does not prevent Trpl91mutants are much less active than WTCcP. In the present
from being fully oxidized and serving as the electron entry study we also used yeast ferroaytand in this case the
site from ferrocytc. As indicated by the EPR results, the N195PK2 is as active as WTCcP at low ionic strength with
main effect of the engineered cation site is on the stability no Kt-dependence on activity. However, at higher ionic
of the Trp191 cation radical and not its initial formation. strength, the mutant activity can be titrated away with K
The EPR spectral features of the mutant are quite different To interpret this difference first requires a better understand-
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ing of how the reduction of compound | is thought to ACKNOWLEDGMENT

proceed. The following outlines the currently favored view:

Fe' Trp™* + cytc (FEH) — Fe Trp fleytc (F€) (1)
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in EPR spectroscopic experiments.
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