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Abstract: Protein film voltammetry has been used to measure changes in the catalytic redox energetics of
cytochromec peroxidase produced by a single mutation in the distal pocket. Wild-type (WT) cytoclmome
peroxidase adsorbs at a pyrolytic graphite edge electrode from ice-cold dilute succinate buffer, pH 5.4, to give
an electroactive film showing a reversible and narrow (two-electron) signal, reduction potential 754 mV, which
converts completely to a catalytic wave at a similar potential when low levels of hydrogen peroxide are added.
Under the same conditions, the W51F mutant yields a weaker signal at 883 mV which also transforms to a
catalytic wave at similar potential, but with amplitude comparable to that of WT. In either case the catalytic
rates are very high. The reversible signals observed for each variant therefore correspond to the catalytic
redox couple, analogous if not identical to¥=eO,R"/F€", with replacement of tryptophan-51 by phenylalanine
causing a substantial increase in reduction potential (destabilizatiotVef®eR"). The W51F variant appears

less stable, even in the resting state, but this does not seriously undermine the results. When the two variants
are studied in competition, the non-turnover voltammetry is dominated by the greater electroactive coverage
of the WT enzyme, whereas peroxide reduction is controlled at all but the highest rotation rates by the more
active W51F. The experiment provides a direct comparison of the real (thermodynamic) catalytic efficiencies
of redox enzymes, in this case clearly identifying W51F as intrinsically the more active and efficient variant

(higherreduction rates dbwer driving force).

Introduction

as compound I, which contains two oxidizing equivalents in
the form of F&’=0 and a tryptophan-191 based protein cation

Electron-transfer reactions of proteins and their relationship agical5-10 Two molecules of cytochromereduce compound
to biochemical function currently provoke intense interest across | pack to the resting state via the one-electron intermediate

a wide spectrum of subdisciplinés® At the forefront of

developments are (a) particular protein systems that are structur-

compound II.
Protein film voltammetry exemplifies a method able to create

ally well characterized and able to be probed through site- ney quantitative perspectives on protein redox chemiatiy.
directed mutagenesis and (b) new methods of studying andyere 'protein molecules are adsorbed at a suitable (“friendly”)

quantifying the kinetics and energetics of electron transfer.
Cytochromec peroxidase (CcP) is just such an example of a

electrode surface to mono-submonolayer coverage, such that
they exhibit both reversible electrochemistry and levels of

model protein system. This heme-containing enzyme catalyzescatalytic or other activities comparable to those measured by

the reduction of HO, by two molecules of cytochromg in a

(5) Liu, R. Q.; Miller, M. A,; Han, G. W.; Hahm, S.; Geren, L.; Hibdon,

cycle that is quite well understood and involves species that s; Kraut, J.; Durham, B.; Millett, FBiochemistry1994 33, 8678-8685

remain to date the best characterized examples ¢ in
enzymes. In the most widely accepted mechanism, resting-
state Fe(ll)-CcP reacts withJ9- to give an intermediate known
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conventional methods. In our studies, the electrode is typically
hydrophilic; for example, pyrolytic graphite “edge” (PGE) has
weakly acidic oxide functionalities which afford a tolerable level
of biocompatibility’? The technique enables the chemistry of B
complex systems ranging from labile +8 proteins to multi-
centered enzymes to be interrogated in considerable dtHil, ﬂ\
revealing activity in the “potential domain”, i.e. as a direct | L Hhissl
function of potential>'® Protein film voltammetry indeed

provides an excellent opportunity to generate active-site redox

intermediates and examine their thermodynamic and kinetic

properties simultaneously. However, success is subject tol 1 |
critical factors, particularly, minimal changes in the intrinsic - W ol [ 5
catalytic and electron-transfer efficiency of the enzyme upon | & lupppe '--."r*h..___.."' 15 |
its adsorption (the extreme case being denaturation) and the stat

of electronic coupling (“wiring”) with the electrode (which is ﬁ\. 5 .’"‘:}
often assumed, incorrectly, to be poor). In designing experi- o -
ments to probe these factors, an intriguing proposition is to study = -
the competitive voltammetry of enzymes having almost identical
structure but with significantly altered reduction potentials and |
catalytic activity. This is now made possible with a library of
active site mutants of Cc#.18

We showed recently that yeast cytochromeperoxidase 5
adsorbs in an electroactive state at a PGE electrodijing Figure 1. Overlaid structures of wild-type and W51F mutant forms
rise to a reversible voltammetric signal (pair of oxidation and of Fe(lll) yeast cytochrome peroxidase showing how the Phe ring
reduction peaks) at potentials 8700 mV, which transforms occupies a position approximately that of the six-membered ring of
to a catalytic wave upon addition 0&8,. The peaks for either  the original Trp and in the same plane. The distal histidine imidazole
direction have half-height widths 0f85 mV at # C and are ~ undergoes slight twisting<10°). The distal HO molecule is 2.3 A
thus associated with a cooperative two-electron exchange. The0ve the Fe atom in WT, moving to 2.6 Ain W51F, but these distances
implication is that the oxidation product is either compound | vary among all structures determined and cannot be regarded as precise

| | lated ies havi imil talvti fivit d guides. Other changes are insignificant. The structures for WT and
or a closely related species having simi "’_Ir catalylic ac ity and \ws1F were reported previoughand coordinates were obtained from
hence that the electrode affords a rapid and reversible non-y,e grookhaven database (entries 1ccp and 4ccp, respectively).

peroxidic/oxygenic route into highly oxidizing enzymic'feO
chemistry, analogous to recent experiments using photogenerate@u(bipyby as an oxidant® The need to extend this line of

(12) For studies of proteins adsorbed at functionalized alkanethiol 'nveStl_gatlon IS mad? clear by _the facts that, with feW_recent
monolayers, see: Song, S.; Clark, R. A.; Bowden, E. F.; Tarlov, M. J.  exceptiong2?! reduction potential data for heme peroxidases
Phys. Chem1993 97, 6564-6572. Clark, R. A.; Bowden, E. Eangmuir and related oxygenative enzymes are limited to the noncatalytic
égﬂ’-lﬁh?fe?ﬁ??h%m}&rﬁ' Eh evr\éa'giggégé'\g'équgg_eg'zg' F. Binet,  re(11)/Fe(ll) couple, and there is little quantitative information

" (13) For related studies of proteins immobilized within lipid films, see: ON the energetics of catalytically active intermediates involving

Zhang, Z.; Nassar, A. E. F.; Lu, Z. Q.; Schenkman, J. B.; Rusling,J. F.  F&V=0 and radical species.

Chem. Soc., Faraday Trank997,93,1769-1774. Nassar, A. E. F.; Zhang, ; ; :
Z.; Hu, N. F.; Rusling, J. F.; Kumosinski, T. B. Phys. Chenl1997,101, Here, two perOX|dase varlaﬁ’tswld-type (WT) and a mutant

lig-32

2224-2231. Hu, N. F.; Rusling, J. FLangmuir 1997, 13, 4119-4125, WSIF in which distal-pocket tryptophan-51 is replaced by
Zh?ng), Z.; Rusling, J. PBiophys. Chem1997,63, 133—146. . phenylalanine-are interrogated by voltammetry. In a novel type
14) Butt, J. N.; Armstrong, F. A.; Breton, J.; George, S. J.; Thomson, i

A. J.; Hatchikian, E. CJ. Am. Chem. S0d.991, 113 6663-6670. Butt, J. of experiment,both enzymesre bound a th? same PGE
N. Niles, J.; Armstrong, F. A.; Breton, J.; Thomson, A.N&t. Struct. electrode and act on the same substrate solution. The mutant
Biol. 1994, 1, 427-433. Duff, J. L. C.; Breton, J. L. J.; Butt, J. N.; is known to be hyperactive as compared to the wild-type
Qggstrg”g' f I\IA;ZFThomftogv é- 31]_- th- Chj”_n-T }150d996&1§ .8A593—t enzyme’ 2224 while at the same time, it has virtually the same

Eo A T AT Cham So4897 119 o700 gysy oo A5 ATMSTONG: iy cture’2223 Figure 1 shows the active site regions of WT

(15) (a) Sucheta, A.; Ackrell, B. A. C.; Cochran, B.; Armstrong, F. A. and W51F superimposed, from which it can be seen that the
Nature 1992, 356, 362-363. (b) Sucheta, A.; Cammack, R.; Weiner, J.;  only significant difference is that the benzene ring of phenyl-

Armstrong, F. ABiochemistryl993 32, 5455-5465. (c) Hirst, J.; Sucheta, ; ; ;
A.: Ackrell, B. A. C.. Armstrong, F. AJ. Am. Chem. S06996,118,5031— alanine occupies the center of the space vacated by the indole

5038. (d) Hirst, J.; Ackrell, B. A. C.; Armstrong, F. A. Am. Chem. Soc.  fing of tryptophan. The experiments simultaneously yield
1997,119,7434-7439.
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1997 119 11628-11638.. S0c.1997 119, 2464-2469.
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guantitative comparisons of the redox and catalytic properties
of the two enzymes variants. The results also provide an
interesting picture of the factors more generally controlling the
electrocatalytic response of enzymes.

WT:W51F (1:0)

3.0
—>

0.0

Materials and Methods

-3.0
Wild-type (WT) and mutant (W51F) forms of CcP(MKT) were

obtained as described earlférConcentrated enzyme solutions prepared ) ‘ - ‘ ‘ ) ‘ |
by dissolving crystals in buffer were stored as frozen beads in liquid | ‘ ' ‘
nitrogen. For some experiments, the samples were prepurified by FPLC
immediately prior to voltammetry. A mono-Q column was used and
the enzyme was eluted with a linear gradient from 20 to 500 mM
succinate buffer, pH 5.4, in a total volume of 20 mL, at a flow rate 1.0
mL/min. The concentrations of WT and W51F were determined using
the respective extinction coefficients of 101.2 and 121.5thivin 4,
respectively, at 408 nrh.

All solutions were prepared with Millipore (Milli-Q) deionized water
(18 mQ cm™). Experiments were performed in 20 mM sodium
succinate buffer prepared by mixing 20 mM sodium succinate and
succinic acid (each analytical grade, purchased from Fluka) to attain
the desired pH (measured at°Q). Concentrations of D, (BDH,
analytical grade) were determined by titration with KMnO

Voltammetric experiments were performed using an Autolab elec-
trochemical analyzer (Eco Chemie, Utrecht, The Netherlands) equipped
with an analogue scan generator and ADC, in conjunction with an EG ) | ,
&G Model 636 electrode rotator. Most experiments were performed T o
using the digital mode, although tests at various scan rates were
conducted using the analogue scan generator. The electrodes and cell
used for voltammetry have been described previotfslilost experi-
ments were performed at’C using an ice bath, while for temperature-
dependent experiments, a cell equipped with a thermostated jacket was
used. The saturated calomel electrode (SCE) was contained in a
sidearm (linked by Luggin capillary) and held at 20, at which we
have assumed a value of 242 mV vs standard hydrogen electrode
(SHE)?* The PGE working electrode (area 0.03%mwas polished
using an aqueous slurry of Az (Buehler: 1um) then sonicated .
extensively with water. The electrode was then transferred to the cell Potential VS SHE
solution containing peroxidase (typically 0.481) and held typically Figure 2. Cyclic voltammograms measured for varying solution
at a potential of 842 mV for 10 s while rotating at 50 rpm before concentration ratios (1:0, 1:1, 1:4, and 0:1) of WT and W51F
cycling. Fourier transform smoothing and baseline corrections were cytochromec peroxidase adsorbed at a PGE electrode and contacting
carried out as described previousy. 20 mM sodium succinate buffer, pH 5.4. Scan rate: 20 m¥. s
Temperature: 0°C. Each voltammogram is the average of four
successive cycles, corrected for baséfinend Fourier transform
smoothed. Arrows indicate direction of scans.

30 WT:WSLF (1:1)

0.0

-3.0

3.0 WT:W51F (1:4)

Current (I, nA)

0.0

-3.0

30 WT:W51F (0:1)

0.0

-3.0

i1 . n . 1

0.8 1.0

Results and Discussion

Voltammetry of WT and W51F Variants under Non-
turnover Conditions. Figure 2 shows the baseline-subtracted Under these conditions the typical electroactive coverage based
voltammetric signals of WT and W51F forms of cytochrome  on a two-electron reaction is 2.8 0.3 pmol cnt22” By
peroxidase adsorbed at a rotating PGE electrode from 20 mM contrast the W51F mutant (i.e., ratio 0:1) shows a signal at the
succinate solutions (pH 5.4) containing the enzymes either in much higher potential of 883 mV. This also consists of
pure forms or as quantitative mixtures. Optimum activity for symmetrical peaks with narrow half-height widths, but the
the WT enzyme in cytochromeassays occurs at pH5,24 so integrated intensity is reproducibly much lower, typical elec-
the choice of pH is a compromise between optimized conditions troactive coverages being 046 0.2 pmol cnt2. The smaller
and those (pH 6.1) used in our previous stéflyldentical signal from W51F was evident even on the first scan and
potential ranges (0.591.02 V) were used for each variant to regardless of the starting potential or the initial poising potential
eliminate differences due to electrode surface effects. Wild- (between 0.59 and 1.09 V). Experiments carried out at pH 6.3
type CcP alone (i.e., WT/W51F ratio 1:0) gives a well-defined (10 mM each of phosphate and succinate buffer) gave similar
signal consisting of oxidation and reduction peaks with reduction results but with decreased reduction potential; again, the signal
potential 754 mV and separations of typicaby22 mV at 20 due to W51F (835 mV) was much smaller than that observed
mV s L Importantly, the peaks are effectively symmetrical for WT (717 mV). The peak widths and their implication for
(oxidation and reduction being of similar magnitude) with half- the reduction potentials are discussed further below.

height widths eaclessthan 83 mV, the theoretical value for a
one-electron proceg§2’ This requires that the reaction is a

As expected, mixed solutions of WT and W51F showed two
independent signals at the expected potentials, but the magnitude

coupled two-electron exchange, i.e. that transfer of the second
electron is closely tied to that of the fitéand is in agreement
with the results published earlier for native yeast enzyme.

(25) Bard, A. J.; Faulkner, L. FElectrochemical Methods; Fundamentals
and ApplicationsWiley: New York, 1980.
(26) Plichon, V.; Laviron, EJ. Electroanal. Cheml976,71,143-156.

(27) The electroactive coverage of WT was reproducibly lower than
reported previously (6.2 pmol crd) for experiments conducted with the
native yeast enzyme at pH 6.1. The electroactive coverage is sensitive both
to pH and to potential range, the higher switching potential necessary in
these experiments giving lower coverage. Half-height widths are higher at
pH 5.4 than at pH 6.1. It thus appears that the optimum pH for obtaining
voltammetric signals from the enzyme is 6.1.



Voltammetric Comparisons of Yeast Cytochrome ¢ Peroxidase J. Am. Chem. Soc., Vol. 120, No. 2627998

Catalytic Waveforms : Derivative at 450 rpm
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Figure 3. Relationship between the electroactive coverages of WT
and W51F variants at different solution concentration ratios. Symbols ol
show WT O, — — =), W51F (, - --), and total [0, —), with lines /\

indicating the trends of the data points.

-210
in each case was attenuated relative to the 100% experiments,
to a degree proportional to the fraction of the other variant 0.6 08 Lo 0.6 0.8 10
present. The combined signal intensity decreases as the ratio tential VS SHE
WT/W51F is lowered, thus showing that W51F adsorbs with ‘Potentia : _
an electroinactive state. The relationships between signal disk electrode at which CcP variants are adsorbed from different solution

: ;. . . ratios: WT (1:0), mixed (1:1), and W51F (0:1) after introduction of
;n;gcvﬂtzﬁsF%nu(iresglutlon ratios of WT to WB1F enzymes are 5.9 mM H;0; to the cell solution (20 mM succinate buffer, pH 5.4).

. .. Scan rate: 20 mV 8. Temperature: OC. The voltammograms in
Raising the scan rate caused comparable changes in Signdgach case show increases in catalytic current with increase in rotation
appearance and increases in peak separation for WT and W51Fates (50, 450, and 1250 rpm) indicated by arrows. Limiting catalytic
showing that they must have similar interfacial ET kinetics. Over currents for WT-only and W51F-only at the highest rotation rate
a limited range 26100 mV s'1, the appearance of the signals correspond to rate constants of approximately 1L0° and 6 x 10°
did not vary significantly, but higher scan rates caused the M~ s™%, respectively, using the average surface coverages for each
Signa|s to disappear: measurements were possib|e 0n|y up tovariant. Obviously, catalysis is still Iargely mass-transport controlled,
approximatef 3 V st for 100% WT, beyond which the signals anq S0 these_values are lower than the rate constants given in the text,
could not be detected, and up to 0.1 VA $or 100% W51F28 which are dgrlved fro_m a_full Kouteckyl_ewcr_l and Michaelis Menten
Catalytic Voltammetry of WT and W51F. As described ranrilygs. (right) Derivatives of the catalytic waves measured at 450
previously’ introduction of HO; to the cell produces a catalytic P
response from the adsorbed enzymes. Figure 4 shows theshows more complex behavior: at the lowest rotation rate a
voltammograms obtained at various rotation rates for reduction sigmoid is observed close to the potential of W51F, then as the
of 5.9 mM H,O, catalyzed by WT and W51F variants adsorbed rotation rate is increased the wave broadens, but now to a much
from varying solution ratios (1:0, 1:1, and 0:1). Alongside are greater degree than when a single variant is present. The
displayed the derivatives (lE) which reveal the quality and  derivative at 450 rpm reveals the emergence of a second catalytic
finer details of the data. The immediate observation is that, process, coinciding with lower potential of WT.
for the 100% WT and 100% W51F systems, a single catalytic  To ascertain the catalytic efficiencies of adsorbed WT and
wave is observed which in each case commences just aboveN51F we performed experiments for each enzyme at various
the respective reduction potentials measured under non-turnoverotation rates and $#D, concentrations. The catalytic parameters
conditions. At lowest rotation rate (50 rpm),®; is clearly keat (number of molecules of #D, reduced per second) akg,
depleted from the vicinity of the enzyme, as evidenced from were estimated as described previously, using the electroactive
the peak-like ridge observable upon scanning in the negative coverage to gauge the number of operational enzyme mol-
direction. On raising the rotation rate, these convert to steady- eculest” Thus voltammetric limiting currents were analyzed
state sigmoidal waves, of increasing limiting current, thus by the Koutecky-Levich equation, and the resulting catalytic
confirming the importance of #D, mass transport and showing currents (infinite rotation rate) were used in Michaelenten
that the enzymes are very active. By contrast, the 1:1 mixture analysis. We obtained (estimated errors in parentheses) for WT,
Keat= 407 s1(25%) andKy = 118uM (25%), while for W51F,

(28) These experiments were performed using analogue mode, whereupo _ - .
observed WT signals were reproducibly more intense than the W51Fq<€af_ 3946 s (50%) andKu = 88 uM (25%). (Previously,

enzyme. The sharp loss of peak intensity as the scan rate is raised may bavith the native enzyme at pH 6.1,°€, we determined, =
due to kinetic decoupling of the two one-electron processes, which would 268 s1 and Ky = 92 uM.1) The large errors reflect

give rise to much weaker and broader independent one-electron signals. o . - - - B
Alternatively, gating by coupled chemical reactions could limit the rate of uncertainties in measuring Kouteckievich, Michaelis-

interconversion in the non-turnover reaction. For example, it is known from Menten limits, and (particularly) for W51F the electroactive
experiments with horseradish peroxidase that oxidative artificial (non- coverage. The higher turnover number for W51F reflects the
peroxidative) formation of the &=O group from Fe(lll) is limited by a  ghseryation that essentially equal electrochemical activity is
slow step, assumed to be the displacement and binding of the distal water . . .

molecule (See ref 19). Similar restrictions may apply in the non-turnover achieved with a much lower electroactive coverage of enzyme.
transformations of CcP. The apparent second-order rate constants/Ky) for WT and
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WS51F at 0°C are therefore 3.4 10° and 4.5x 10’ M~1s71,
respectively.

The catalytic results are readily interpreted in terms of W51F
being the most efficient enzyme. Not only does it catalyz&@H
reduction at a higher potential (lower driving force) than WT,
but the higher limiting current amplitudes show that it also has
a higher intrinsic activity. This fact is ensured by the enhance-
ment ratiokear (W51F)keat (WT) of ~10, which lies outside
the sizable error margins. Thus, in competitive experiments,
W51F dominates the voltammetry under conditions where the
catalytic current is controlled by substrate mass transport, i.e.
at low [H,O,] and low rotation rates. In other wordsll the
peroxide arriving at the electrode is consumed efficiently by
the relatively low density of W51F molecules. As the mass-
transport limitation is relaxed (e.g., as the rotation rate is raised)
WT is able to make an increasing contribution (the shoulder
on the negative edge of the “1:1” voltammogram (see Figure
4) diminishes in size as the rotation rate is decreased below
450 rpm).

Investigations of the Competition between WT and W51F.

To investigate why W51F gives such a low electroactive
coverage and to check the influence of enzyme stability, we
carried out further tests. First, experiments were carried out in
which H,O was replaced by a 50% aqueous glycerol mixture.

an inactive six-coordinate stat&.However the same low level

Current (I, nA)
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It is known that glycerol protects W51F against formation of Figure 5. Effect of increasing temperature on catalytic voltammograms

1.0

for CcP-adsorbed PGE electrodes prepared from solution mixtures WT

of non-turnover signal was observed. Second, FPLC experi- (1:0), mixed (1:1), and W51F (0:1) upon introduction of 5.9 mMOa
ments showed that both WT and W51F elute at the same saltt© the cell solution (20 mM succinate buffer, pH 5.4). Voltammograms

concentration. To confirm that the two variants are essentially
indistinguishable in terms of their overall electrostatic properties
they were mixed in a 1:1 ratio and chromatographed together.
A single sharp band eluted at the same position as either of the

two components studied individually. Third, the effect of Scheme 1

temperature on the catalytic waves was examined to test whether

W51F might be the more unstable of the two variants when
adsorbed at the electrode. Figure 5 shows voltammograms
obtained at 450 rpm, 5,8M H»0,, after commencing at 0C

then scanning at different temperatures up t0°G4 In each
case the catalytic currents decrease irreversibly (i.e., lowering

the temperature does not reverse the decline), thus showing that
the enzymes become inactivated on the electrode at increasing

temperature. The effect is most noticeable with W51F, for
which activity was not evident once 3€ had been reached.
For the single-enzyme experiments with WT or W51F, uniform
inactivation is observed, with only small alterations in wave
shape and potential throughout (see derivatives). However, for
the “1:1” film, the first voltammograms at €C are broad yet

(<

</

PN

Fe(IV)=0

Fe(IV)=0: R+

were recorded at 20 mV~% and 450 rpm. The catalytic current
decreases as the temperature is raised fré@ ® 12, 24, and 34C.

' W51F is completely inactive at 34C. Arrows indicate direction of
increasing temperature.

H,0
ELECYRODE
H + e/\‘K /

Fe(I1I)

H,0,

clearly dominated by W51F; then as the temperature is raised,jnterconverted by two cooperatively coupled one-electron
they transform over to the form expected for WT alone. {gnsfers at potentias°> andE; ' .1617.26 As shown in Scheme
Variations in the potential range did not significantly affect this 1 the electrode thereby provides an alternaiiattle across
observation. A similar result was obtained by allowing films he catalytic cycle.

. i It is likely but not proven that the states involved are identical
the changes in voltammetric wave shape are not due to thetg the forms generated and characterized in solutionEice=

to age at a constant temperature, i.e.°C6 thus showing that

variants having different activation energies for catalysis.
General Comments. The Nature of the Non-turnover

compound Il/compound Il ané;
Theoretically an ideal one-electron signal shows half-height

compound

=S

Redox Transtion. In both cases, the fact that the non-turnover widths ) of 83 mV at 0°C for each directiod®26 Broadening

signals observed in the absence of04 coincide with their

due to dispersion (nonuniform adsorption, potential microen-

respective catalytic potentials provides compelling evidence that vironments) or anticooperative interactions between redox
the reaction being observed in each case is the reversiblecenters is commonly observed. By contrast, narrowing of the
transformation between catalytically active redox states. The peaks inboth directions necessitatesooperatie electron-
further observation that for both variants this transformation is electron coupling. For example, it can be sh&%# that, in

a cooperative two-electron process reinforces the conclusionthe absence of dispersion, two one-electron processes that are

made earlier for the native yeast enzyheThe resting Fe(lll)

coupled (as would be the case if both occur at a single center),

state and compound | or its equivalent species are thusmeasured at 0C, will producedé = 83 mV (i.e., will appear as
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a one-electron signal) whega®' — E;*" (AE) = 32 mV. As Scheme 2

E° — E;° decreases, the signal sharpens, and we obtain, for 0" "
example,0 = 60 mV, AE = 0; 6 = 50 mV, AE = —34 mV;

and (the limiting case for full two-electron cooperativity)= -
42 mV, AE = <—100 mV. In principle, it should be possible - -€
to determineAE, and thus, both of the one-electron reduction Fe(lll) H,0 E> Fe(V) =0 |;'> Fe(lV) =0
potentials from the peak position add In practice, however, R+

only an estimate can be obtained due to the uncertainty in the

level of broadening due to dispersiéte® Sinced < 74 mV \,
for either variant, it follows thag,*" — E;*" < +24 mV at pH
5.4. With this limitation considered, points concerning the redox

energetics may now be addressed. M-t st for WT vs 2.2x 10’ M~1 s71 for W51P4) decrease

The substantial increase in two-electron reduction potential .
. . only slightly for W51F. It was therefore suggested that the rate-
produced by the single mutation-{29 mV at pH 5.4, 118 mv determining step is reduction of compound | by cytochrome

at pH 6.3) gauges the effect of a structurally defined alteration. _ 54 -
. .C%* The voltammetry now shows that the driving forces for
ii r('):rin H:Z irytsrle Egaﬁ;ui;ez\g-\é\gfdr}ga\l/t\(/esiln':ezr::iizzgm;zntzhid oxidation of cytochrome by W51F and WT do indeed differ
distagllwater’molecule (D-595) appears as a relativel “r'nobile” quite substantially, so that W51F should be the more effective
that | bably hvd PP bonded to hi t'dy 52 and oxidant provided reorganization energies are sufficiently high
\“j\';g‘i‘;zz,g (I)Surp;?te?]tign f}(;cﬁ)s%esnneggssariljonlstrlypl)rt]c?p_)han?gl that the reaction remains in the normal Marcus region. How-
" : ) . o ever, our experiments enable the hyperactivity of W51F to be
%nfﬁénhpgﬁgczlﬁuzé?f ‘A;]ae){\;vr;\r’;ihéﬁr:éc dﬁ;g:aﬁ‘;‘éﬂt;ﬂgo'e pinpointed more precisely, since unlike the conventional experi-
com oalnd iqstate F—‘éio can be stabilizedpb h.dro en ment, the potential can be varied continuously to achieve
bonoli)ing between W51 and the oxene-O stamd ityis Ii/nov?n whatever value is required to yield a limiting rate that is
that replacement of tryptophan by phenylalanine causes theindependent of driving force. In other words the driving force
FéV=0 stretching frequency to increase by-Z8) cnr .23 is conveniently factored out, identifying W51F as the more
Significantly, the amino acid sequence of distal helix B in W51F 1® V"f"”a”gby a factor of-10. The Eyp?ra.c“‘("y of W51F f
more closely resembles that of horseradish peroxi¢fashjch Is therefore due to an increase in the intrinsic reactivity o
intermediates, i.e. compound | and/or compound Il are more

also has a much higher two-electron reduction potential, 891 | _ = . :
mV at pH 72! Being a two-electron couple (see below) the labile and break down easily to the resting Fe(lll) state.

stabilization afforded to compound | by tryptophan-51 (relative _ Interpretation of Catalytic Wave Forms for Adsorbed
to Phe in the same position) amounts to approximately 25 kJ Enzyme Films and Gauging Inhomogenesity. The respective
mol~1 (2 x 0.129 F). catalytic wave forms provide a simple demonstration of
Cooperative coupling between the¥=eO and a nearby  @ltérations in response to changes in mass-transport control. In
organic radical is transpiring to be quite a general characteristic €aCh case, the catalytic potentials correlate well with those of
of these enzymes. In particular, the peroxidase from the fungusth® respective non-turnover sigriéland activity is high, as
Arthromyces ramosushowsE® = 915 mV andg;® = 982 evidenced immediately from the inability to sustain a steady
mV (i.e., AE = —67 mV) as measured by equilibration with ~ State at low rotation rates (persistence of peak-like features) and
IrClg32~ at pH 7 and 24C2° Similar studies with horseradish ~ from estimates of the catalytic constants after correcting for
peroxidas& also reveal cooperative coupling, wii®' = 879 ~ coverages. The greater activity of the high-potential W51F
mV andE,® = 903 mV (i.e.,AE = —24 mV) atpH 7 and 15 Variant gives rise to interesting effects in the 1:1 experiment.
°C. The intermediate, compound II, is therefore best consideredAt low rotation rate, the wave form is dominated by the catalytic
asmetastable. The simplest mechanism for coupling requires action of W51F; however, as the rotation rate is raised to relieve
only consideration of the balance of electrostatics in the active Mass-transport control, the catalytic wave spreads down toward
site region and is similar to the idea proposed by Powers andNegative potentials as WT makes an increasing contribution.
co-workers?l As depicted in Scheme 2, conversion of the This is seen clearly in the derivative which reveals a shoulder
unbound water (kD) to bound oxide (&) formally releases ~ atlow potential. A related effect is observed when inactivation
two protons which must either be bound elsewhere in the active Of the 1:1 system is induced by raising the temperature. The
site region or facilitate removal of a second elecﬁbn. W51F mutant is less Stable, so that whereas |n|t|a”y at low
Catalytic Activities. Correcting for electroactive coverage, —temperature it dominates the voltammetry, there is a marked
the voltammetry clearly shows that W51F is the more active and irreversible shift toward the WT catalytic wave form upon
variant, as has been noted previously from steady-state solutionheating. By contrast, the pure enzymes show just a small
kinetics?4 It was found that W51F is approximately 6 times Positive shift (see derivative). This deliberate inactivation
more active than WT using horse heart cytochromes experiment shows how it is possible to gauge the homogeneity
substrate, yet rates of formation of compound | (3:03.07

lol

2H+

(32) The pH dependence &' measured for native CcP across the pH
(29) Where such cooperativity occurs and where distinctive species are range 4.6-8.0 shows a transition from 2i#2e™ to 1H"/2e~ with pKs ~
generated, potentiometric titrations offer a better way to define the individual 6.9 at 0°C (Mondal, M. S.; Heering, H. A.; Armstrong, F. A. Manuscript
one-electron potentials (see refs 20 and 21). The advantage of voltammetryin preparation). Data points for the WT enzyme (measured in the pH range
is that it is a dynamic technique, able to measure reduction potentials underof 5.1—6.6) lie close to and within the error margins of this line. THfe
catalytic conditions or where species are only generated as reactivevalues for W51F, also measured over the pH range-6.6, showed a

transients. straight line with a negative slope of 51 mV. These results indicate that,
(30) By comparing our observetlvalue of 74 mV with the theoretical for both variants at pH 5.4, the't#e™ ratio for the transition between resting-
limit for a fully cooperative two-electron process (i.e., 42 mV &Q), we state CcP and compound | approaches 1.0, i.e., tivard transferred from

conclude that dispersion effects must contribute less than ca. 32 mV. This the active site upon oxidation.

means that the active sites in the enzyme film behave as a homogeneous (33) Detailed interpretation of catalytic wave shapes arising from enzymes

ensemble. adsorbed at electrodes is discussed in the following: Heering, H. A.; Hirst,
(31) Welinder, K. GFEBS Lett.1976,72, 19—23. J.; Armstrong, F. A. Submitted for publication.
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of a population of enzyme molecules configured as an electrodesites on the heterogeneous PGE suffadbat cause less
surface film: in short, a change in catalytic wave shape upon disruption to a more robust WT enzyme.

aging the film should be a good indicator of heterogenity.
The uniform decrease observed for the pure enzymes further
shows that inactivation does not proceed through catalytically To summarize, protein film voltammetry provides a direct
viable intermediate states operating at different potentials. route into ferryl (F&=0) chemistry in enzymes, enabling in

Stability of Adsorbed Enzymes. The final question concerns  this case determination of the reduction potentials of highly
why so high a proportion of W51F adsorbs in an electroinactive ©Xidized states of cytochrome peroxidase variants. The
state. Although it is possible that W51F might be more prone Method verifies that these are highly active catalytic states and
to become adsorbed on the PGE surface in orientations that dg®Vercomes problems associated with oxidative degradation that
not support interfacial electron exchange, our results indicate May hinder measurements at such high potentials by conven-

that the problem lies with its greater instability. The attenuation tional titrations. From the results and consideration of structural
relative to WT is evident on the first oxidative scan, with the differences between WT and W51F, the distal pocket residue

same potential range being used for each variant, thus showing'YPtophan-51 is identified as a major determinant of the
that the electrode potential itself, although expected to be compound I/Fe(lll) reduction potential, being responsible for a

1 S )
influential, does not provide the reason for the difference in ca. 25 kJ _moT . sf[ablll_zatlon of cor_npound 1. Finally, th_e
behavior. Neither does the reported instability of W51F systemmatic variations in voltammetric wave forms, as functions

compound | appear to pose any serious problem, since in non-icr’:tv:/T/:i/x 51|r|1: isirg?r?te :ﬁt'?ﬁttimrpfrﬁtl:{e% antd Itlrine\} ?t” rpr)]rr?]wfle
turnover experiments, the peak size is not noticeably smaller eresting insig 0 the Interpretation of catalytic voltammetry

in the reductive direction as compared to the preceding oxidative by homogeneous as opposed to nonhomogeneous films.

scan. Itis therefore likely that the inactivation of W51F occurs  Acknowledgment. This research was supported by the
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e complex changes in wave shape accompanying the inactivation ; ;
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