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ABSTRACT. Engineered cysteine residues in yeast cytochramgeroxidase (CCP) and yeast iso-1-
cytochromec have been used to generate site specifically cross-linked peroxidgsehromec complexes

for the purpose of probing interaction domains and the intramolecular electron transfer reaction. Complex
2 was designed earlier [Pappa, H. S., & Poulos, T. L. (186¢hemistry 346573-6580] to mimic the

known crystal structure of the peroxidasgytochromec noncovalent complex [Pelletier, H., & Kraut, J.
(1992)Science 2581748-1755]. Complex 3 was designed such that cytochroiisdethered to a region

of the peroxidase near Asp148 which has been suggested to be a second site of interaction between the
peroxidase and cytochromez Using stopped flow methods, the rate at which the ferrocytochrome
covalently attached to the peroxidase transfers an electron to peroxidase compound | is estimated to be
~0.5—-1 s tin complex 3 andv800 st in complex 2. In both complexes the Trp191 radical and not the
Fet™=0 oxyferryl center of compound I is reduced. Conversion of Trp191 to Phe slows electron transfer
about 16 in complex 2. Steady state kinetic measurements show that complex 3 behaves like the wild
type enzyme when either horse heart or yeast ferrocytochcasngsed as an exogenous substrate, indicating

that the region blocked in complex 3 is not a functionally important interaction site. In contrast, complex

2 is inactive toward horse heart ferrocytochroost all ionic strengths tested and yeast ferrocytochrome

¢ at high ionic strengths. Only at low ionic strengths and low concentrations of yeast ferrocytochrome
does complex 2 give wild type enzyme activity. This observation indicates that in complex 2 the primary
site of interaction of CCP with horse heart and yeast ferrocytochmatdigh ionic strengths is blocked.

The relevance of these results to the pathway versus distance models of electron transfer and to the
interaction domains between peroxidase and cytochromediscussed.

Cytochromec peroxidase (CCP)catalyzes the peroxide One unanswered question in this mechanism is whether
dependent oxidation of ferrocytochroraén the following CCP has two separate sites of interaction with cyt.c that are
multistep reaction (Yonetani, 1976). electron transfer competent. Fluorescence-quenching experi-

" . " i ments (Leonard & Yonetani, 1974), spectrophotometric
CCP(F€" Trp) + H,0,= CCP(F&'=0 Trp"™) titrations (Erman & Vitello, 1980), and NMR studies
compound | (Moench et al., 1992) are consistent with a 1:1 ratio of the
CCP(Fé” Trp‘*) + oyt c(Fé”) . C_CP:cyt.c complex. Quantitative static and time-resolved
compound | singlet energy transfer measurements as well as fluorescence

anisotropy measurements are consistent with two similar and
rapidly interconverting sites that exhibit small differences
in Fe—Fe distance or hemeéheme angle (McLendon et.al
1993).

In contrast to the one-site model, the biphasic steady state

" kinetics observed with eukaryotic cytochroroespecies as

CCP(Fé Trp) substrates were attributed to the reaction of cyt.c at two
First, CCP reacts with hydrogen peroxide to form compound distinct sites on CCP (Kang et al., 1977). Moreover, direct
I. The two peroxide-oxidizing equivalents are stored as physical evidence consistent with a two-site model has
the oxyferryl, Fé"=0, center and as a cationic Trp191 accumulated. Stemp and Hoffman (1993) measured both
radical (Sivaraja et al., 1989). Then in two successive one- triplet state quenching of the of zinc-substituted CCP binding
electron transfer steps, compound 1 is reduced back to theto cyt.c and the fraction of that quenching that is due to
ferric (F€") resting state by two ferrocyt.c molecules.

CCP(F&"=0 Trp) or CCP(F& Trp'")
compound Il

CCP(F& =0 Trp) or CCP(F& Trp’) + cyt.c(F€") —
compound Il
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electron transfer. These results are consistent with a modelwas converted to alanine, and this mutant is designated wild
where CCP has a low-affinity site for cyt.c that is efficient type CCP (Pappa & Poulos, 1995). Using the A128CCP
in electron transfer and a high affinity site that exhibits low single-stranded DNA, the Lys149 Cys was constructed.
electron transfer rates. Following this work, reverse Stern  The oligonucleotide used for construction of the Lys149
Volmer titrations performed by Zhou and Hoffman (1994) Cys mutant was'sGCC TGA CGC TGATTG CGA CGC
show that the 2:1 binding stoichiometry for the binding of TGG C-3. The triple CCP mutant, Cys128 Ala, Glu290
cyt.c to CCP at low ionic strengths persists at high ionic — Cys, and Trp191> Phe, was constructed from the double
strengths. Moreover, similar experiments in the presence A128/C290 mutant using the oligonucleotideGGA TAC

of copper-substituted cyt.c as an electron transfer inert GAA GGG CCATTC GGA GCC GC-3. The Lys79—
inhibitor support the sequential binding model where the first Cys yeast cyt.c mutant also was prepared using the methods
cyt.c binds strongly at a nonreactive domain and the seconddescribed by Hilgen and Pielak (1991), while the Lys?3
binds weakly at a reactive one, with the observed electron Cys cyt.c mutant was constructed according to Pappa and
transfer occurring in the 2:1 species (Zhou et &B95).  poulos (1995). Both yeast cyt.c mutants had their naturally

Potentiometric data at low ionic strengths also are in gccurring cysteine at position 102 converted to threonine
agreement with the 2:1 binding mechanism with two in- (cutler et al., 1987).

equivalent binding sites with distinctively different ionic
properties (Mauk et al., 1994). Rapid reaction kinetics also

are consistent with two electron transfer sites. Depending ,_. .
on the experimental conditions, the most important being (Fishel et al 1987; Choudhury et al1994). The CCP

ionic strength, either the £e=0 center or the Trp radical concentration was estimated spectrophotometrically using an

T e “1

is reduced first (Hahm et al., 1993; Matthis et, 4995). extinction coefficient at 408 nm of 96 mM cm %, The
The site of interaction identified in the crystal structure C73cyt.c mutant was prepared from a 180 | fermentation of

of the CCP-cyt.c noncovalent complex (Pelletier & Kraut, Saccharomyces cemsiae strain B-6748, and purified ac-

; . N cording to Cutler et al. (1987), with the modifications
1992) has been equated with the high-affinity site (Zhou & .
Hoffn)1an 1994 M?’:luk et 21994) a?though t);ﬂs sit(e also introduced by Pappa and Poulos (1995). The cyt.c concen-

has been equated with low electron transfer efficiency (Zhou tration was estimated spectrophotometrically using an extinc-

& Hoffman, 1994). However, we recently described a tion coefficient of 106 mM* o™ at 410 nm.
specific covalent intermolecular disulfide-bridged complex  Cross-Linking. The conditions for cross-linking cyt.c to
between CCP.cyt.c, designated complex 2, that is designed CCP are described by Pappa and Poulos (1995), and the same
to mimic the PelletierKraut structure. This complex is very ~conditions were used for both Cys73 and Cys79 cyt.c
efficient in intramolecular electron transfer (Pappa & Poulos, mutants. Improved yields of the 1:1 covalent complex were
1995). This leaves open the possibility that CCP may have observed when the cyt.c was treated with DTT before cross-
another interaction site even more efficient in electron linking. The excess of dithiothreitol (DTT) was removed
transfer than the one proposed by the Pelletiéaut crystal through a G25 column before the cross-linking reaction. The
structure. covalent complex was purified from the CCP and cyt.c
Brownian dynamics Simu|ations of the Cegytc com- monomers and h0m0dimers by the methOd described by
plex (Northrup et a| 1987, 1988) provided some insights Pappa and Poulos (1995). The purity of the complex was
on alternate sites of interaction. The predicted primary site €stimated by sodium dodecy! sulfatgolyacrylamide gel
is near that observed in the Pelletié¢raut structure, while  €lectrophoresis (SDSPAGE) electrophoresis. The concen-
the next best site is predicted to be centered around Aspl14gration of the complex was estimated spectrophotometrically
of CCP. To test directly if this CCP region is important for using an extinction coefficient of 200 mMcm™* at the Soret
electron transfer, we have prepared a highly specific 1:1 maximum.
covalent complex that blocks the CEByt.c interaction on Steady State Aclity. The steady state enzyme kinetics
the site proposed by Northrup et al. (1987, 1988). To of wild type CCP and the two 1:1 covalent complexes, using
engineer this complex, we replaced Lys149 of CCP and horse and yeast ferrocyt.c as substrates, were determined as
Lys79 of yeast cyt.c with cysteines and the two variants were described by Kang et al(1977). The oxidation of ferrocyt.c
cross—l_mked through a disulfide. An extensive steady state was measured by following the change of absorbance at 550
analysis for this complex 3 was performed, and the data werenm in a Cary spectrophotometer at room temperature. Fully
compared with the steady state data of our previous complexreduced ferrocyt.c was used as substrate at a concentration
2 designed to mimic the crystal structure of the noncovalent yange of 1-204M. We used the Cys102- Thr cyt.c mutant
complex. We also have further explored intramolecular s the yeast cyt.c substrate to avoid the problem of inter-
electron transfer in both complexes 2 and 3 to learn if the qein disulfide formation and autoreduction associated with
Fe'"=0 center or Trp191 radical is reduced by the covalently the reactive cysteine at position 102 of iso-1, cyt.c (Cutler
attached cyt.c. et al., 1987). Data are presented as Eatflefstee plots
with the rate expressed as the turnover number (Wang &
Margoliash, 1995).

Materials. All chemicals used were of the highest grade  For the yeast cyt.c steady state assays,-60087 nM
and were also purchased from Sigma Chemical Co. A128CCP and 0.082 nM complex 3 were used. For the
Mutagenesis. CCP mutants were constructed in the horse cyt.c assays, 0.4 nM A128CCP and 0.46 nM complex
Escherichia coliexpression plasmid PT-7 using the single- 3 were used. For complex 2, slightly higher protein
stranded mutagenesis method developed by Kunkel.et al concentrations (1.4 and 13 nM) had to be used for the yeast
(1987). The naturally occurring cysteine, Cys128, in CCP and horse cyt.c assays, respectively. Initiation of the reaction

Protein Purification. Mutant and wild type CCP were
expressed irE. coli and purified as previously described

MATERIALS AND METHODS
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by the addition of hydrogen peroxide, rather than with interaction site of CCP with cyt.c predicted by Brownian
enzyme, was employed to minimize any possible oxidation dynamics simulations to be centered on Aspl148 of CCP
of the cytochromes by hydrogen peroxide. Steady state (Northrup et al, 1987, 1988). To choose where to place
turnover values were derived by division of the initial Cys residues, models of CCP and cyt.c were docked
velocity by enzyme concentration. manually using a graphics workstation. The location of the

Stopped Flow Kinetics.Transient kinetic studies were Cyt.c cysteine residue was restricted to be near the exposed
performed with a Hi-Tech SF-51 stopped flow spectropho- heme edge of cyt.c because an intermolecular disulfide forces
tometer using a 1 cm path length cell. For estimation of the the cyt.c heme edge to be oriented toward CCP. Since the
rate of reduction of free C79cyt.c by ascorbate, aM exposed heme edge is generally considered to be the site
C79cyt.c solution and varying concentrations of ascorbate for both oxidation and reduction of cyt.c, orientation of the
(2—20 uM) were placed in 2.5 mL syringes. The reduction Cyt.c heme edge toward CCP should promote intramolecular
of cyt.c was followed at 416 nm. The rate of reduction of €lectron transfer and diminish intermolecular electron trans-
the covalently attached cyt.c in the CE8yt.c complex 3 fer. Moreover, NMR experiments show that the interaction
was very slow and, therefore, was measured with a conven-Of cyt.c and CCP involves the exposed heme edge of cyt.c
tional spectrophotometer at 416 nm. All rates were deter- (Moench et al 1992; Yi et al, 1993). Conversion of Lys79
mined at a final buffer concentration of 100 mM potassium to Cys satisfies these criteria and also has the advantage that
phosphate (pH 6.0). the Cys79 cyt.c mutant has been characterized. The choice

The rate of compound | formation within the covalent ©Of where to place the cysteine in CCP was based on the

complexes also was determined using stopped flow Spec_following_ criteriQn. The cyst_eine residue must be cIo_se to
troscopy. Complex (4M) was mixed with varying hydro- the predicted site of interaction, Aspl148, but be sterically

gen peroxide concentrations-20 M), and compound | accessible for cross-linking to Cys79 of cyt.c. Conversion
formation was followed at 425 nm. of Lys149 to Cys appears to meet this criterion.

For determination of the intramolecular electron transfer to'(l':rl:epneﬁ]grf(i)vb;e dTh(\;\:jarZIg%WIg;e dceléhci:nWItngrzl:iﬂtf()r?rlﬁatllt\i/gn
rate in complex 3, the stopped flow procedure used by Pappa ' 9 Y

. : f an S-S bond, two each for thedC-Cf and G3—Sy bonds
and Poulos (1995) was followed. In brief, one syringe 0 .
contains the complex with reduced cyt.c, and the other and one for the 55y bond, have restricied values. For

. : . T : .~ example, the @-Cg , C—Sy, and $—Sy bonds are
syringe contains peroxide. Mixing results in the formation N - .
of compound | followed by intramolecular electron transfer Lar\i/;redvji(t)hbe_lefct)’h ?}% a:jnSVigtC)" hﬁeﬁpfgt'vﬁlyi;%rﬁr_}ﬁsﬂ n
from cyt.c to compound |. Oxidation of cyt.c was followed 9e alet-nande st (Richardson, » 1 horton,

. ; : 1981). For aright-handed twist, these values-a66, +120,
at 416 nm, an isosbestic point for CCP and CCP compound : = . !
I. The complex 3 concentration wag®1, and the peroxide and-+90° with one of the (—5y dihedral angles being50°

was added at a 5-fold excess. The buffer used was degasseg?'chardson’ 1981; Tho.rton, 1981). we examme_d every
200 mM potassium phosphate (pH 6.0). To determine possible set of favored dihedral angles, many of which were

whether the compound | Fe=O center or the tryptophan eliminated on the basis of steric clashes. The four most
accepts the cyt.c electron during intramolecular electron probable orientations that both satisfy the favored dihedral

transfer, the oxidation/reduction of the CCP heme iron was angles and do not lead to steric problems are shown in Figure

followed at 432 nm for complex 3 and 428 nm for complex ,1:'- Trgelorgﬁrsoérg‘zf.tnto.g’vgr?e%ct’.ez gg?'stobpa;c?o?%n;r!r
2. Both wavelengths were empirically determined in our igure _. : INg IS subjectiv ' primarily

stopped flow instrument to be an isosbestic point for cyt.c on possible intermolecular contacts besides th&3ond.

in the respeciive complexes. The analysis ofthe Trpto1 ¢t SRR, 8 B R C LR O e onic
Phe complex 2 mutant was more complicated beCauseinteraction between Lys72 of cyt.c and Aspl48 of CCP.

replacement of Trp191 with Phe leads to a large absorbanc ) . .
drop in the Soret region, owing to formation of a compound elndt_apendent of the precise orientation, however, the Asp148
region of CCP cannot interact with another cyt.c molecule.

lpgrci) cr)%h%fmgo?f t'g : trr? ed Icf?tis(clfrggﬁgeetrzgfr?sg)io Og;/i\?(ra ath e Qharacterizgt.ion of A128C149CCPThe single cysteine
characteristic F”é=,O spectrum due to porphyrim cation residue at position 128 has been_ replaced by alanine and the
radical reduction by some unknown electron donor (Erman mutant chgractenzed in our previous work (Pappa & Poulos,
etal, 1989). This creates difficulties in following ferrocyt.c %??05&023'”63 th(e) S’?tll()zr?iig n;t:]tgnttﬁs gfjg:ger:]ﬁ:nﬂev‘\’/v;ss
oxidation if the time scale of ferrocyt.c oxidation is similar ; P ' .
to that of porphyrin reduction. However, the oxidation rate designated .A128C1.4.9 CCP. The_double mutant mcorpprgted
of ferrocyt.c was so slow in the complex 2 Trp194 Phe heme, and its UV/visible absorptlo_n spectra are very similar
mutant that the reduction of the prophryin radical and :gvtvr;c;?jer?(];ggd gﬁggfs'i;r;g;ag?%g t\zﬁ(??;;ie (Tg;am

. . A . (] -
oxidation of ferrocyt.c were well separated in time. activity. For the purpose of this study, the A128C149CCP

RESULTS mutant will be referred to as wild type.
Characterization of A128C290F191CCPThe double
Modeling the Cross-Linked Complexeddypothetical mutant was converted to a triple mutant by changing Trp191

models of the covalent complexes used in this study areto Phe to test the role of Trp191 in the intramolecular electron
shown in Figure 1. Complex 2, designed to mimic the transfer. The triple mutant exhibits all the spectral properties
Pelletier-Kraut crystal structure, has been described, and expected from the Trp19%+ Phe mutant, including<1%

we have shown that the intramolecular electron transfer rateof wild type activity (Mauro et al., 1988).

from cyt.c to CCP compound | 800 st (Pappa & Poulos, Characterization of Cys79Thr102 Yeast cyflthe C79T102
1995). Complex 3 was designed to probe the possible second/east iso-1-cyt.c mutant also was characterized in terms of
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Ficure 1: Stereoscopic models of the four most likely orientations of complex 3 where Cys149 of CCP forms a disulfide bond with Cys79
of cyt.c. The location of cyt.c based on the crystal structure of the noncovalent complex (Pelletier & Kraut,1992) is labeled as crystal. This
also is the most probable orientation in covalent complex 2 (Pappa & Poulos,1995). The hemes and Trp191 in CCP are shown.

redox potential and reactivity with ascorbate. We were because any changes will affect electron transfer rates. The
mostly concerned about the cyt.c mutants’ redox potential formal potential of the Lys79~ Cys at pH 4.6 is 292 1
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reduction of the cyt.c within complex 3, it was necessary to

incubate complex 3 with a large excess of ascorbate for at
least 1 h to ensure total reduction before performing any
further electron transfer studies.

Intramolecular Electron Transferln these experiments,
) ; cyt.c is reduced by ascorbate, which has no effect on CCP.
complex 3 - 3§ The CCP-ferrocyt.c covalent complex then is mixed with
CCp - H,0,, and depending on the wavelength, either the oxidation
of ferrocyt.c or the formation/reduction of the compound |
cyt.c Fet=0 center is followed. The data are analyzed according
to the following scheme:

44

k k.
CCP-cyt.c(Fé") + H,0,— CCPIcyt.c(Fé") —

1 2 3 CCPII—cyt.c(F€™)
FiGurRe 2: SDS-PAGE 10-15% of complex 3: lane 1, complex
3 without reducing agent; lane 2, complex 3 with reducing agent; |n this scheme, CCPI represents compound | and CCPII
and lane 3, molecular weight standards. represents compound Il. Idealli[H,05] >> k. so that
the rate constant we measurdds For complex 2, designed
to mimic the PelletierKraut structure, the reaction is too
fast to achieve this goal and about 75% of the reaction is
over in the dead time of the instrument. Therefore, only a
lower estimate of about:800 s for k; is obtained (Figure
3A; Pappa & Poulos, 1995). Using the same procedure, the
rate constant of ferrocyt.c oxidation in complex 3 is only
~1 s* when 5uM reduced complex 3 was mixed with a
5-fold excess of hydrogen peroxide (Figure 4). The absor-
bance change corresponds to approximately 80% of the value
expected for complete ferrocyt.c oxidation. The rate of
oxidation of the ferrocyt.c within the complex is independent
of protein concentration, indicating that the electron transfer

mV versus a normal hydrogen electrode. Under identical
conditions the Cys102- Thr cyt.c mutant has a formal
potential of 299+ 1 mV. The reduction rate of C79T102cyt.c
by ascorbate is estimated to be 3™ compared to 14
M~1 st for the wild type yeast cyt.c under identical
conditions.

Characterization of Complex 3Complex 3 was prepared
and purified using the protocol for complex 2 (Pappa &
Poulos, 1995). Formation of the complex was followed
using SDS-PAGE in the presence and absence of a reducing
agent. As shown in Figure 2, complex 3 migrates as a
species with an apparent molecular mass near 45 000 Da

while in the presence of a reducing agent, two bands appearis intramolecular rather than intermolecular (Figure 4).

one near 12 000 and one near 32 000 Da, corresponding .tq\/loreover, the oxidation rate of the ferrocyt.c is independent
the molecular masses of cyt.c and CCP, respectively. Th|sOf hydrogen peroxide concentration, as expected.
demonstrates that complex 3 has an intermolecular disulfide. o "
The gel also shows the presence 6% un-cross-linked _ A relevant question is whether the single ferrocyt.c_ electron
CCP and cyt.c. is donated to the P&=0O or to th(_e try_ptophan radical of _
Compound | Formation in Complex 3The rate of compqund I. The tryptophan radical is spectrophotometn-
compound | formation was determined in the stopped flow €aly S;"Em' and therefore, the appearance and disappearance
by mixing the complex with varying concentrations of of F&"'=0 can be followed at the isosbestic point for cyt.c,

peroxide and following the formation of compound | at 425 Néar 430 nm. If only an increase near 430 nm, corresponding
nm. CCP forms compound | with a rate constant of 8.2 {0 the formation of the Feé=O0, is observed during the time

107 M~1 571 (Erman et al., 1987), and we estimated a rate it takes_to oxidize ferrocyt.c, it is assumed that the Trpl191
constant of 2.4x 107’ M~1 s'1. Both complexes 2 and 3 radical is reduced (Hahm et aI:, 1993; M.attbﬁsal., 1995).
react with peroxide at the same rate within experimental After mixing 4 4M complex 2 with an equimolar concentra-
error. This indicates that the catalytic machinery required tion of hydrogen peroxide, we observed the formation of
for compound | formation is not altered in the complex.  the Fé"=0 center of compound | at 428 nm (Figure 3A),
Rate of Cyt.c Reduction in Complex 3he rate of cyt.c the empirically determined isosbestic point for cyt.c in
reduction is used as a probe to measure the accessibility ofc©mplex 2. However, there was no decrease at 428 nm
the cyt.c heme edge in previous covalent CERt.c during the time it takes to oxidize felrrocyt.c, demonstrating
complexes (Waldmeyer & Bosshard, 1985: Erman, et al., that the F&"=0 center does not receive the electron. Hence,
1987; Pappa & Poulos, 1995) and noncovalent €ER.c it must be the Trp191 radlc_al that is reduced. _When this
complexes (Mochan & Nicholls, 1972). The rate of reduc- €XPeriment was repeated with complex 3, the single ferro-
tion of cyt.c within complex 3 was too slow to be measured cyt.c electron also was delivered to the tryptophan radical
in the stopped flow and therefore was estimated using rather than the Fe=0 center as shown (Figure 4).
conventional spectrophotometry. Complex 3 was reduced We further probed the role of Trp191 in complex 2 by
with a rate constant of 0.02 M s™* which is significantly converting Trp191 to Phe. Mauro et al. (1988) showed that
smaller than that for complex 2 and free cyt.c, 0.17 and 5 the Trp1l91— Phe mutant blocks electron transfer in the
M~1 s respectively. These results indicate that the heme noncovalent complex. The analysis of this reaction is more
in complex 3 is even more inaccessible to ascorbate thancomplex because, when Trp191 is converted to Phe, the
the heme in complex 2. Moreover, it enforces our modeling species formed upon reaction with peroxide is a short-lived
studies that selected for complexes where the cyt.c hemeporphyrinz cation radical (Erman et al1989). The inset
edge is oriented toward CCP. Because of the very slow in Figure 3B shows the initial decrease at 416 nm due to
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047 A. Complex 2 03 B. Conplex 2 Trp191-->Phe
. | 1 1 *
| initial drop =
016 0.33f porphyrir:or'a)diml
0.32
0.1658- 0.14 428nm E /
Fe**=0 formation | & 5 0.30f-
- - increase=porphyrin
§ 0.12 § radical reduction
0.1604- 1 1 1 0.30) 0.27 1
416nm 0.00 0.03 0.06 0.04 0.00 0.03
s ferrocyt.c oxidation
& 0.29]
0.158-
0.28= ferrocyt.c oxidation
0.15 L L L L 0.27 . L L L
000 001 002 003 004 005 0 2 4 6 8 10
time (seconds) time (seconds)

Ficure 3: Rate of oxidation of ferrocyt.c in complex 2. The reaction is initiated by mixing peroxide with complex 2«(fe@Bcyt.c). (A)

The trace at 416 nm represents the oxidation of ferrocyt.c by CCPI in the covalent complex 2. The trace at 428 nm (inset) shows the
formation of the F&=O center of CCPI. Because the absorbance at 428 nm increases and is constant over the time it takes for ferrocyt.c
to oxidize, it must be the Trp191 radical that is reduced in complex 2. (B) This panel is the same experiment except Trp191 of CCP in
complex 2 has been converted to Phe. The inset shows the change at 416 nm over a shorter time range. The initial drop in absorbance is
due to formation of a porphyritx cation radical (Erman et al., 1989) followed by an increase in absorbance due to reduction of the
porphyrin radical. Over a still longer time interval, the absorbance at 416 nm decreases due to the slow ferrocyt.c oxidation.

0.40 Steady-State KineticsThe CCP-cyt.c interaction site
[complex 3] uM  rate (sec™) 46| proposed by the PelletieKraut structure is covalently
039 1?)% 11-(())% 432nm blocked by a molecule of cyt.c in complex 2. In a similar
' 200 11> manner, the site proposed on the basis of electrostatic and
0.04 Brownian dynamics calculations (Northrup et al., 1987, 1988)
038 I is covalently blocked by a cyt.c molecule in complex 3.
0.02 ! ] Therefore, by testing the ability of complexes 2 and 3 to
000 002 004 oxidize exogenous ferrocyt.c in the steady state reaction, we
037 F time (seconds)

can gain insight on whether important sites of interaction
are masked. We therefore measured the steady state activi
ties of complexes 2 and 3 upon addition of exogenous yeast
or horse ferrocyt.c at different ionic strengths. The condi-
tions used for these experiments were similar to the those

absorbance
=3
=3
1

035 already optimized by Wang and Margoliash (1995).
The Eadie-Hofstee plots for horse heart or yeast ferrocyt.c
034 at different ionic strengths are presented in Figures 5 and 6

and summarized in Table 1. The characteristic biphasic
behavior has been attributed to two ferrocyt.c binding sites
0-330 ; ; ; , (Kang et al, 1977). Using horse heart ferrocyt.c as the

time (seconds) substrate, complex 3 exhibits activity comparable to that of

FiIGURe 4: Trace at 416 nm represents the oxidation of ferrocyt.c A128CCP but Comp"?x 2 has very low aCt'.V'ty In bOth. 1
by CCPI complex 3. The trace at 432 nm (inset) shows the rapid @nd 5 mM buffers (Figure 5, Table 1). This observation
formation of the F&=0 center. Because the absorbance at 432 indicates that the site(s) for horse heart ferrocyt.c is still
nm is constant over the time it takes ferrocyt.c to oxidize, it must available in complex 3 but blocked in complex 2. Using
be th? Trglgl radical that lrshreduceql. Also Sho";""oafz‘éersl\l/’ls yeast ferrocyt.c as substrate, wild type CCP and both
compiex concentration. e rate Is constant fro u e P PR
complex 3, indicating that the oxidation of ferrocyt.c is an complexes exhibit very low a_ct|V|ty at IO_V\_’ lonic str(_angths,
intramolecular process. as expected (Wang & Margoliash, 1995; inset of Figure 6).
i , ) , i i At higher ionic strengths, 100 mM Tris, complex 3 exhibits
formation of the porphyrint cation radical which then is 5 c4ivity comparable to that of wild type CCP but complex 2
reduced by, perhaps, an internal amino acid donor, resultinge, hinjts very low activity (Figure 6, Table 1). This indicates
in a return of absorbance at 416 nm. The spectrum at thiSyha; in complex 2 the site of electron transfer for yeast
point resembles that of the normal 4FeO intermediate ferrocyt.c at high ionic strengths is blocked.
(Erman et al 1989) so any changes at 416 nm after reduction
of the porphyrin radical are due to ferrocyt.c oxidation. As p|SCUSSION
shown in Figure 3B, the absorbance at 416 nm decreases
again over a longer time scale due to ferrocyt.c oxidation Probing Interaction DomainsThe method of site specific
with a rate constant of 0:51.0 s'. Therefore, changing cross-linking where two redox partners are tethered through
Trpl91 to Phe lowers the intramolecular electron transfer an engineered disulfide was developed (Pappa & Poulos,
rate in complex 2 by about 3 orders of magnitude, very 1995) for two reasons. The first of these is to probe
similar to what happens in the noncovalent complex (Mauro interaction domains in an attempt to identify the expected
et al., 1988). second site of interaction in the CEByt.c system. The
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Ficure 5: Eadie-Hofstee plots of the various enzymes using horse heart ferrocyt.c as susbtrate at the indicated buffer concentrations. The
experimental conditions used are described in Materials and Methods.

Yeast cyt.c 100mM Tris ionic strengths and exogenous yeast ferrocyt.c at high ionic
0 complex3 ® ol 10mMTrs strength. However, complex 2 does exhibit about-80%
300 of wild type levels of activity toward yeast ferrocyt.c at low
o ionic strengths. Some of the cross-linked complexes pre-
250 | m::og;,;;;j °e pared by Wang and Margoliash (1995) are likely tethered

in an orientation similar to our complex 2 which, in turn, is
very likely the same as that observed in the crystal structure
of the noncovalent complex (Pelletier & Kraut, 1992).

To summarize, the steady state results indicate that in
complex 2 the primary and perhaps only functionally
important site for interaction with horse heart ferrocyt.c is
blocked. However, for yeast ferrocyt.c, a second site remains
open in complex 2 at low ionic strengths. This still leaves
open the question regarding the location of the second site.
Using Brownian dynamics methods, Northup et al. (1987,
1988) provided an estimate on the location of this second
site, centered on Asp148 of CCP. Complex 3 was designed
to block this site. The steady state results using yeast
ferrocyt.c as the substrate show that complex 3 behaves very
second is to test the role of the pathway versus distancemuch the same as wild type CCP. Indeed, the biphasic
models of electron transfer. First, we consider the question nature of the EadieHofstee plots and levels of activity are
of interaction domains. Recent mutagenesis studies designedery similar. This indicates that both cyt.c binding sites are
to probe the interaction domain(s) between CCP and cyt.c Still available in complex 3, further indicating that the region
are consistent with the PelletieKraut model as a functionlly ~ of CCP centered near Asp148 is unlikely to be a catalytically
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Ficure 6: Eadie-Hofstee for the various enzymes using yeast
ferrocyt.c as the substrate in 100 mM Tris buffer. The inset shows
the Eadie-Hofstee plots in 10 mM Tris buffer. The experimental
conditions used are described in Materials and Methods.

0

relevant complex (Miller et al., 1994). Moreover, in our
previous work (Pappa & Poulos, 1995), complex 2 was
designed to mimic the PelletieKraut structure and was

competent site of interaction.

Distanceversus Pathway Models of Electron Transfén.
the pathway model, electron transfer occurs along preferred

found to exhibit an intramolecular electron transfer rate routes through the protein (Winkler & Gray, 1992), while
similar to what has been observed in the noncovalent in the distance model, the distance between redox centers is
complex. This observation, together with the fact that the primary factor controlling rates (Moser et al., 1992).
changing Trp191 to Phe eliminates electron transfer in Assuming that the heméeme or iron-iron distance is most
complex 2 just as it does in the noncovalent complex (Mauro relevant, then by moving cyt.c to different regions on CCP
et al, 1988), supports the view that complex 2 and the crystal yet holding the hemeheme edge distance constant, we
structure of the noncovalent complex (Pelletier & Kraut, should be able to gain insight on the relative roles of distance
1992) are very similar and represent one of the primary versus pathway. In modeling complex 3, the C149CCP-to-
electron transfer competent sites. Wang and Margoliash C79cyt.c disulfide holds the heme edges-18 A apart and
(1995) have carried out a similar study by cross-linking cyt.c the iron atoms 2225 A apart, independent of the precise
to CCP using a photoactive cross-linking group attached to orientation between cyt.c and CCP compared to 19 and 26
an engineered cysteine residue in cyt.c. Although the site A, respectively, in the crystal of the noncovalent complex
of attachment to CCP is unknown in these complexes, their (Pelletier & Kraut, 1992). Therefore, if the hemkeme
activity profiles indicate that the cyt.c occupies the high- edge or iror-iron distance is important, the intramolecular
affinity site of CCP. In a similar way, complex 2 is inactive electron transfer rate in complexes 2 (which was designed
toward exogenous horse heart ferrocyt.c at both low and highto mimic the crystal structure) and 3 will be similar. This
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Table 1: The Activity of CCP where the Naturally Occurring Cys128 Was Converted to Ala, A128CCP, Is Taken as 100

0.7uM yeast cyt.c and 5.6uM yeast cyt.c and 1.4uM yeast cyt.c and 7 uM yeast cyt.c and
10 mM Tris (pH 7.0) 10 mM Tris (pH 7.0) 100 mM Tris (pH 7.0) 100 mM Tri (pH 7.0)
A128CCP 100 100 100 100
complex 2 29.6t 1.5 14+ 1.7 1.3+ 0.15 1.3+ 0.15
complex 3 95.1 4.0 45+ 2.0 108+ 12 75.3+ 3.0
1 uM horse cyt.c and 10uM horse cyt.c and 1 uM horse cyt.c and 10uM horse cyt.c and
1 mM Tris (pH 7.0) 1 mM Tris (pH 7.0) 5 mM Tris (pH 7.0) 5 mM Tris (pH 7.0)
A128CCP 100 100 100 100
complex 2 3+0.1 3.1+ 0.15 2.8+0.1 3.6+ 0.05
complex 3 514+ 10.0 67.3+ 10.0 75.7+ 10.0 72.0+ 4.0

is not the case because intramolecular electron transfer occurs Another possibility to explain the preference for Trp191

about 3 orders of magnitude more slowly in complex 3.
However, the stopped flow results show that our initial
assumption that the hemé&ieme or iror-iron distance is
the most important one to consider may not be valid. The
more relevant distance is cyt.c hemErpl91 because it is
the Trp191 radical that is reduced by ferrocyt.c in both
complexes 2 and 3.

Reduction of the Trpl91 radical in complex 3 was

unexpected because the cyt.c heme should be closer to th

CCP heme than to Trp191, 48 versus 2623 A. The
cyt.c heme-Trp191 distance in the PelletieKraut structure

is 16 A so the maximum difference in this distance between
complex 3 and the PelletieKraut structure is 7 A. Can a

7 A distance account for the approximately 1000-fold

decrease in the intramolecular electron transfer rate of

complex 3 compared to that of complex 2? We can gain
some insight on this question by using Marcus theory
(Marcus & Sutin, 1985). A simplified empirically derived

version of the theory has been developed by Dutton and

colleagues (Moser et al., 1992; Farid et al., 1993), where
the electron transfer rate (img is given by

log ky, = 15.2— 0.61R — 3.1(AG — 1)7A

R is the donot-aceeptor distance\G is the driving force

radical reduction is based on the following mechanism
(Hahm et al., 1994):

CCP(Fé'=0O Trp) + € — CCP(F&"'=0 Trp)—
CCP(F&" Trp’)

CCP(F&" Trp’) + e — CCP(F&" Trp)

fn this mechanism, only the Trpl191 radical receives an

electron from ferrocyt.c, which requires intramolecular
electron transfer from Trp191 to the ¥e=O center. The
main problem with this picture is the apparent very slow
reduction of the CCP B&=0O center by Trp191 (Ho et al.,
1983)m although Ho et al. (1983) proposed that, under steady
state conditions, Trp191 is present in a form that can reduce
Fett=0. This mechanism would be favored if reduction of
both the Trp191 radical and fe=0 is initiated at the same
site on the CCP surface. Previous stopped flow studies,
however, show that B&=O is reduced first at low ionic
strengths but that the radical is reduced first at high ionic
strengths (Hahm et al., 1993; Matthis et al., 1995). This
could mean that reduction of both centers still occurs at the
same site but that the [FeTrp*]:[Fe*" Trp] equilibrium is
quite sensitive to ionic strength and that the equilibration

of the reaction, and is the reorganization energy. Because between the two centers is fast compared to the electron

AG and4 to be constants. Evenifchanges by a factor of
2, the change in rate will not be very large, and the primary
dependence is oR, the donor-acceptor distance. Given

One site favors Fé=0 reduction, and the other favors
Trp191 radical reduction (Zhou & Hoffman, 1993, 1994;
Mauk et al., 1994). Taken together, our data favor the

these assumptions, the 7 A distance increase leads to aathway model because Trp191 is essential in complex 2.

expected rate difference of about*1&hile the experimen-
tally determined difference has a lower estimate of 10
If this were the only information available, we might

Nevertheless, control of biological electron transfer reactions
is more complex than our simple analysis of pathway versus
distance might imply. For example, the orientation of the

conclude that distance is what controls rate. The Trp191 donoracceptor pair and the symmetry of corresponding
radical, however, is reduced in complex 2 even though the Wave functions have a significant influence on the path of
heme groups are closer to each other than the cyt.c heme i€lectron transfer (Stuchebrukhov & Marcus, 1995). How-
to Trp191. This observation is opposite to what is expected ever, because of covalent tethering of cyt.c to CCP in
if distance controls rate. Another possibility is that the Structurally defined complexes, as in complex 2, it now is
Trpl91 radical is a more potent oxidant. Information possible to addr(_ess the factors controlling intramolecular
regarding the relative stability of the #e=O center and the  electron transfer in the CCRyt.c complex.

Trpl91 radical is available. At pH 6.0, the pH where our ~ Summary. Our results provide further evidence that
studies are carried out, the ratio fFeTrp]:[Fe*t Trp] is complex 2 is very similar to the PelletieKraut model for
estimated to be 0.54 (Coulson et,d1971) and 0.36 (Hahm  the noncovalent complex and that this complex is efficient
et al, 1994). Therefore, at pH 6.0, the ¥e0O center is in intramolecular electron transfer. The Trpl191 radical is
more stable than the Trp radical. However, this stability essential for oxidation of ferrocyt.c in complex 2 which
difference is small €1 kcal/mol), and therefore, there must means that CCP has a second site for reducirfg=F@ or

be some other reason for the preferred reduction of thethat Trp191 rapidly reduces £e=O. That complex 2 retains
Trpl191 radical. activity toward exogenous ferrocyt.c at low ionic strengths
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supports the view that CCP has a second site for electronMatthis, A. L., Vitello, L. B., & Erman, J. E. (19953iochemistry
transfer. It should be emphasized, however, that this second 34 9991-9999.

site may not be physiologically relevant becaimseg vo CCP
operates in a high-ionic strength milieu (Pettigrew & Moore,

Mauk, M. R., Ferrer, J. C., & Mauk, A. G. (1998iochemistry
33, 12609-12614.
McLendon, G., Zhang, Q., Wallin, S. A., Miller, R. M., Billstone,

1987). This work also shows that, in testing the pathway v Spears, K. G., & Hoffman, B. M. (1993). Am. Chem. Soc.
versus distance models of electron transfer, the relevant 115,3665-3669.

distance is the cyt.c heme&CP Trpl191 distance and not
just the heme-heme or iron-iron distance. Finally, the high

steady state activity of complex 3 indicates that the proposed

Miller, M. A., Liu, R.-Q., Hahm, S., Geren, L., Hibdon, S., Kraut,
J., Durham, B., & Millett, F. (1994Biochemistry 338686-
8693.

Mochan, E. (1970Biochim. Biophys. Acta 21@0—95.

second electron transfer site centered on Asp148 of CCP isyochan. E., & Nicholls, P. (19718iochem. J. 12169—82.
unlikely to represent one of the regions important for electron nvochan, E., & Nicholls, P. (1972Biochim. Biophys. Acta 267

transfer.
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