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ABSTRACT. A new ruthenium-labeled cytochroneederivative was designed to measure the actual rate of
electron transfer to the Trp-191 radical cation and the oxyferryl heme in cytoclrperexidase compound

| {CMPI(FeV=0,R*)}. The H39C,C102T variant of yeast iso-1-cytochrotneas labeled at the single
cysteine residue with a tris(bipyridyl)ruthenium(ll) reagent to form Ru-39-Cc. This derivative has the
same reactivity with CMPI as native yCc measured by stopped-flow spectroscopy, indicating that the
ruthenium group does not interfere with the interaction between the two proteins. Laser excitation of the
1:1 Ru-39-Ce-CMPI complex in low ionic strength buffer (2 mM phosphate, pH 7) resulted in electron
transfer from RUf to hemec Fe!' with a rate constant of & 1 s, followed by electron transfer from
hemec F€' to the Trp-191 indolyl radical cation in CMPI(Fe=O,R™") with a rate constant dfeia = 2

x 108 s71. A subsequent laser flash led to electron transfer from hetoeghe oxyferryl heme in CMPII-
(FeV=0,R) with a rate constant ¢y = 5000 s. The location of the binding domain was determined
using a series of surface charge mutants of CcP. The mutations D34N, E290N, and A193F each decreased
the values okeiy and ke, by 2—4-fold, consistent with the use of the binding domain identified in the
crystal structure of the yCeCcP complex for reduction of both redox centers [Pelletier, H., & Kraut, J.
(1992)Science 2581748-1755]. A mechanism is proposed for reduction of the oxyferryl heme in which
internal electron transfer in CMPII(Fe=0,R) leads to the regeneration of the radical cation in CMPII-
(Fe",R1), which is then reduced by y&c Thus, both steps in the complete reduction of CMPI involve
electron transfer from yCicto the Trp-191 radical cation using the same binding site and pathway.
Comparison of the rate constdat, with theoretical predictions indicate that the electron transfer pathway
identified in the crystalline yCeCcP complex is very efficient. Stopped-flow studies indicate that native
yCc! initially reduces the Trp-191 radical cation in CMPI with a second-order rate corigtanhich
increases from 1.& 108 M~1s 1 at 310 mM ionic strength t&-3 x 10° M~1 s™1 at ionic strengths below

100 mM. A second molecule of y€dhen reduces the oxyferryl heme in CMPII with a second-order
rate constank, which increases from 2.¥ 10/’ M—1 s71 at 310 mM ionic strength to 2.5 10° M1 s™!

at 160 mM ionic strength. As the ionic strength is decreased below 100 mM the rate constant for reduction
of the oxyferryl heme becomes progressively slower as the reaction is limited by release of the product
yCc'" from the yCé¢'—CMPII complex. Both ruthenium photoreduction studies and stopped-flow studies
demonstrate that the Trp-191 radical cation is the initial site of reduction in CMPI under all conditions of
ionic strength.

The electron transfer reaction between two redox proteinsized with sufficient resolution to allow theoretical predictions
typically involves at least three distinct steps: (1) formation of the rate of electron transfer. The reaction between yeast
of a complex between the two proteins, (2) electron transfer iso-1-cytochromec (yCc) and cytochromec peroxidase
within the complex, and (3) dissociation of the product (CcP) is a prototype for this problem. The resting ferric state
complex. The overall reaction can be rate-limited by any of CcP is oxidized by hydrogen peroxide to CMPI-
one of these three steps, depending on experimental condi{F€V=0,R"), which contains an oxyferryl heme, 'Fe0O,
tions. Intracomplex electron transfer, step 2, is probably the and a radical cation,R, located on the indole group of Trp-
most difficult to access experimentally because it is usually 191 (Mauro et al., 1988; Scholes et al., 1989; Erman et al.,
very rapid, and only a limited number of techniques are 1989; Sivaraja et al., 1989; Miller et al., 1994a; Fitzgerald
available for the measurement. In addition, very few et al.,, 1994; Huyett et al., 1995). The radical cation and
protein—protein complexes have been structurally character- oxyferryl heme in CMPI are then sequentially reduced by
two molecules of Ct Pelletier and Kraut (1992) determined
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Scheme 1 the oxyferryl heme do not appear to be compatible with the
use of the binding domain in the crystalline y&€cP

IV—_— o+ 1] Xa > IV—_— i .
CMPI(Fe O.R)+ Ce CMPII(Fe O.R) +Ce complex because Trp-191 is located between the hemes of

CMPII(EeV== 0, R) + 2H* L CMPII(FeM, R*#) + H,0 yCc and CcP, and reduction of the Trp-191 indolyl radical
. cation is thermodynamically more favorable than the oxy-
CMPII(Fe", R**) + Cc!"  —> CcP(Fe''!, R) + Cc!!! ferryl heme at pH 7 and above (Coulson et al., 1971).

For this study we have utilized a new yeast-Ric

and CcP at physiological ionic strength and found that the derivative specifically designed to measure the actual rate
exposed heme edge of yCc is in van der Waals contact withof electron transfer to the radical cation and the oxyferryl
CcP residues Ala-193 and Ala-194 at the center of the heme in CMPI. Two important design criteria had to be
binding domain. They proposed an electron transfer pathwaymet to achieve this goal. First, the RGc derivative must
that extends from the yCc heme methyl group through CcP interact with CMPI in the same way as native iso-1-Cc.
residues Ala-194, Ala-193, and Gly-192 to the indole group Second, the rate of electron transfer from the photoexcited
on Trp-191, which is in van der Waals contact with the heme Ry to hemec Fe'" must be rapid enough to completely
group. An important goal is to measure the rate of resolve the subsequent electron transfer reaction from heme
intracomplex electron transfer from yCo the radical cation ¢ Fed! to the initial acceptor in CMPI. This requires optimum
and oxyferryl heme in CMPI and to determine whether the photoredox properties for Ruand an efficient pathway for
binding site and electron transfer pathway identified in the electron transfer from Ruto the heme group. The single
crystalline complex are used for the reaction in solution.  sylfhydryl at Cys-39 on the backside of yeast H39C,C102T

We have introduced a new method to measure rapid jso-1-Cc was labeled with a sulfhydryl-selective tris(bipy-
interprotein electron transfer reactions utilizing a tris- ridine)ruthenium reagent to form Ru-39-Cc (Geren et al.,
(bipyridine)ruthenium complex covalently attached to Cc 1995). Ru-39-Cc satisfies both of the design criteria listed
(Geren et al.,, 1991; Hahm et al., 1992). Photoexcitation of above and was used to measure the rate constants for
the Ru-Cc derivative leads to formation of the metal-to- jntracomplex electron transfer to the Trp-191 indolyl radical
ligand charge transfer state, Ruwhich is a strong reducing  cation and the oxyferryl heme. Stopped-flow spectroscopy
agent and rapidly transfers an electron to the Cc ferric hemewas used to verify that the kinetic mechanism of Ru-39-Cc
(Durham et al., 1989). Six different horse and yeast-Ru was the same as that of native yCc under all ionic strength
Cc derivatives were found to initially reduce the radical conditions. The location of the binding domain used for
cation in CMPI(F&=0,R") with intracomplex rate con-  reduction of both the radical cation and the oxyferryl heme

stants ranging up to & 10 s or greater at low ionic  was determined using a series of surface charge mutants of
strength (Geren et al., 1991; Hahm et al., 1992). CMPII- ccPp.

(F€V=0,R) is then converted to CMPII(lgR*) by in-

tramolecular electron transfer, as shown in Scheme 1. Liu EXPERIMENTAL PROCEDURES

et al. (1994) found that both the rate constant and equilibrium

constantK for this interconversion are pH-dependeri. Materials Yeast iso-1-Ru-39-Cc was prepared as de-
decreases from 1.2 at pH 5.0 to 0.15 at pH 7.0, in agreementscribed by Geren et al. (1995). CcP(MI) and the mutants
with the equilibrium studies of Coulson et al. (1971). A E32Q, D34N, E35N, E290N, E291Q, and A193F were
second molecule of RuCc! then reduces the radical cation Prepared as described (Fishel et al., 1987; Miller et al.,
in CMPII(FE" ,R") to give the resting enzyme. Both native 1994b). The A193C-MBP enzyme was prepared as de-
horse and yeast (tchave been shown to reduce CMPI Scribed by Miller et al. (1996).

according to Scheme 1 at high ionic strength where the Laser Flash Photolysis Studied aser flash photolysis
bimolecular reactions are slow enough to be measured bystudies of the reaction between Ru-39-Cc and CMPI were
stopped-flow spectroscopy (Hahm et al., 1993, 1994; Miller carried out as described by Durham et al. (1989) and Geren
et al., 1994b; Nuevo et al., 1993; Matthis et al., 1995). As et al. (1991, 1995). The excitation flash was provided by
the ionic strength is decreased, the second-order rateeither the third harmonic of a Nd:YAG laser with a pulse
constants increase until they become too fast to measure bywidth of 20 ns and a wavelength of 356 nm or a Phase R
stopped-flow spectroscopy, but the initial electron acceptor Model DL 1400 flash lamp-pumped dye laser producing a
in CMPI remains the radical cation (Hahm et al., 1993, 1994; 450 nm light flash with<0.5us duration. The probe source
Miller et al., 1994b). The reaction sequence shown in was a pulsed 75 W xenon arc lamp, and the photomultiplier
Scheme 1 is consistent with the use of the binding domain detector had a response time of 20 ns. For slower reactions
identified in the crystalline yCeCcP and hCe CcP com- in the 10us to 1 s time domain, a 100 W quartz halogen
plexes (Pelletier & Kraut, 1992). Both interprotein reactions lamp was used as the probe source along with a photodiode
in Scheme 1 involve electron transfer from''Go the Trp- detector. The excitation response cug) for the laser
191 radical cation using the Pelletigkraut binding domain and detection system was recorded using light scattering from
(Miller et al., 1994b). However, Erman and co-workers a buffer solution with the optical filters removed. The
reported that when excess yeast or horsti€mixed with experimental transients were fit by the convolution function
CMPI at low ionic strength in the stopped-flow spectrometer, D(t) = fE(t)i(t — t)dt;, wherei(t) is the theoretical response
the oxyferryl heme is initially reduced, followed by very slow of the system to an infinitely sharp laser pulse, as described
reduction of the radical cation in CMPII([teR*") (Matthis by Durham et al. (1989) and Demas (1983). The sample
et al., 1995; Nuevo et al., 1993). Hazzard et al. (1987) and was placed in a glass semimicrocuvette with a path length
Hazzard and Tollin (1991) also reported initial reduction of of 1 cm. Samples contained-20 M Ru-39-Cc and 520

the oxyferryl heme in CMPI using a flash photolysis method uM CcP in 1-5 mM sodium phosphate, pH 7.0, containing
to generate Gc Mechanisms involving initial reduction of  0—300 mM NaCl. The transients for the specied Rru",
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Scheme 2 yCc' and CMPI remained stable. The transients were fitted
Rl FM R to the complete second-order equation
1
\ K (Bo—aokt _
hv| | kq Rulll Fel R** ——*%~ Rul! Fe'l R AA= Aelb, — € 1 (4)
(e(btrao)kt)/aD — 1/,

RulFelll R+ K2
wherea, is the initial concentration of the excess reactant,
and Fé in Scheme 2 were detected at the appropriate b, is the initial concentration of the limiting reactant, and
wavelengths. The Rutransient was detected at 556.5 nm, Ac is the appropriate difference extinction coefficient. For
an isobestic point for Cc. Thi¢t) for Ru(ll*) in Scheme 2 yCc, Aes19 = —44 mM~1 cm™t and Aesz4 = 0 (Margoliash
is given by & Frohwirt, 1959). For CMPI(F¥,R**) — CMPII(F€Y,R),
_— . A€go < 1 mMtem ) Aegzs = +4 mM~t cmt; and for
I(RU" )556 = A€gseCoe (1)  CMPII(FEY,R) — CCcP(F&' R), Aesro = —27 mMtcm?,

) o o A€gza = —27 mM1 cmt (Coulson et al., 1971; Ho et al.,
whereAesss = 1.0 mM* cm* is the extinction coefficient  19g3).  The kinetics were studied using two different
for Ru™ (Durham et al., 1989) an@, is the concentration  protocols. In protocol A, yCtwas mixed with excess CMPI
of RU" molecules excited in the laser flash. The'Ru {5 measure the initial electron transfer reaction. Typical
transient was also obtained from the luminescence decayqgncentrations were [yt = 0.2-1 uM and [CMPI] =
(Durham et al., 1989). The Fdransient was obtained by 5 3 uM. In protocol B, excess yCicwas mixed with

subtracting the Ru(ll*) transient detected at 556.5 nm from c\pj to measure the complete reduction of CMPI to CcP.
the 550 nm transient, as described by Durham et al. (1989).Typjcal concentrations were [yt = 1-10 M, and

Thei(t) for Fe' is given by [CMPI] = 0.2-1.0 uM.

i(Fe“)550= A€550C0A[e*(k1+kd)t — g leflea] () RESULTS
whereA = ky/(ky + ke — ki — ko) andAesso= 18.6 mM Electron Transfer within the 1:1 Complex between Ru-
cmt is the extinction coefficient for Cc e The RU 39-Cc and CMPI Photoexcitation of 1M Ru-39-Cc in 2
transient was measured at 434 nm, a Cc isobestic: mM sodium phosphate, pH 7.0, resulted in electron transfer

from RU"™ to Cc heme P& with rate constank,, followed
i(RU") 34 = A€,3,C[B — Ce (athkit 4 pgtketked] (3) by electron transfer from Eeo RU" with rate constank,

according to Scheme 2 (without'Rand withke, = 0). The
whereAess, = 9.8 mM~t cmt (Lachish et al., 1979). The transients for the three species'"RuFé', and Ru were
parameter®, C, andD are rather complicated functions of measured at the appropriate wavelengths, and quantitatively
the rate constants and are given in the Supporting Informa-fitted to the kinetic equations for Scheme 2. The''Ru
tion. Under the conditions of the present experimeBts, transient measured at 556.5 nm, a Cc isobestic, was fitted
ranges from 0.9 to 1.0C from 0.92 to 0.95, andD from to eq 1 with & + kg) = (6.5+ 0.5) x 1(° st andC, =4
—0.04 t0o—0.08. Thus, the 434 nm transient is dominated + 0.4uM. The RU" transient was also detected from the
by the second term in eq 3. The rate constdnik,, Ket, luminescence decay with the same resuks{ ky) = (6.7
andky were determined by optimizing the least-squares fits £ 0.6) x 10° s™*. The Fé transient obtained at 550 nm
of the above equations to the transients at all three wave-was fitted to eq 2 with an increasing exponential wkh-t
lengths. In the presence of the sacrificial electron donor ky) = (6.5 4+ 0.7) x 1(f s* and a decreasing exponential
aniline, RU' is rapidly reduced and the back reaction with ko = (1.0+ 0.1) x 1° s ! (Figure 1A). The value of

represented bit is eliminated. Under these conditionsg, k; was measured from the amplitude of the' Bansient,
is set to zero in eq 2 and the rate of decay of thetFansient using the value ofC, obtained from the amplitude of the
is given simply byketa 556.5 nm R transient. The same value @&, was

Stopped-Flow Spectroscapihe reaction between y€c  independently measured from the amplitude of the 434 nm
and CMPI was studied using a Hi-Tech SF-61 stopped-flow Ru' transient and was stable withih10% over the entire
spectrophotometer equipped with a 1 cm flow cell as experiment. A unigue set of rate constants were required to
described by Hahm et al. (1993, 1994) and Miller et al. simultaneously fit the R, Fe', and Rl transients. The
(1994b). The dead time of the instrument was 2.0 ms. yCc measured values for 1M Ru-39-Cc in 2 mM phosphate,
was treated with excess ascorbate and dithiothreitiol to reducepH 7, arek; = (0.5+ 0.07) x 10°s%, k, = (1.0+ 0.1) x
the heme and any disulfide cross-linked dimers, passed1(® s™1, andky = (6.0 £+ 0.7) x 10° s™%. These values are
through a 1x 30 cm Bio-Gel P-2 column equilibrated with  independent of protein concentration, consistent with intra-
2 mM sodium phosphate, pH 7.0, and 50 mM NaCl to protein electron transfer. The rate constiafincludes both
remove excess reagent, and stored under nitrogen. Slightlythe natural decay of Ruand energy transfer from Ruto
less than 1 equiv of D, was added to CcP, and the visible Fe". Addition of 12.5uM CcP to 11uM Ru-39-Cc in 2
spectrum was recorded on a Hewlett-Packard HP8452mM phosphate, pH 7.0, had no effect on the valueg;pf
spectrophotometer to measure the formation of CMPI."'yCc k,, or kg, indicating that formation of a 1:1 complex between
and CMPI in 5 mM sodium phosphate, pH 7.0, and NaCl the two proteins did not affect electron transfer between Ru-
were placed in the two syringes of the stopped-flow (II*) and hemec (Figure 1A). When 1 equiv of hydrogen
apparatus, and transients were recorded within 1 min of peroxide was added to the complex to form CMPI, a
CMPI formation. Solutions were then removed from the significant increase in the rate of reoxidation of hecrfee!
syringes and visible spectra were recorded to determine thatwas observed (Figure 1B), consistent with electron transfer
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Ficure 1: Photoinduced electron transfer from Ru-39-@&cCMPI. Ficure 2: Photoinduced electron transfer from Ru-39-@cCMPI
(A) A solution containing 1kM Ru-39-Cc and 12.%M CcP in in the presence of a sacrificial electron donor. (A) A solution

2 mM sodium phosphate, pH 7.0, was excited with a 450 nm laser containing 11uM Ru-39-Cc and 12.%M CcP in 2 mM sodium
flash. The smooth line is the best fit to eq 2 of Scheme 2 ith phosphate, pH 7.0, and 2 mM aniline was excited with a 450 nm
=50x 1Ps Lk =10x 10°s%, andky = 6.0 x 1P s71. (B) laser flash. The aniline rapidly reduced'Rand prevented the back
H,0, (12.5uM) was added to the solution in (A) to form CMPI,  electron transfer reactid seen in Figure 1A. The smooth line is
and the experiment was repeated. The smooth line is the best fit tothe best fit to eq 2 withk + kg) = 6.5 x 10° s~ andk, andketa
eq2withk; =5 x 1Ps 1, ky=6 x 10° s, and ket k) = 3.0 set to zero. (B) KO, (12.5uM) was added to the solution in (A)

x 10 s71, The inset in this and subsequent figures shows the portion to form CMPI, and the experiment was repeated. The smooth line
of Scheme 2 that is occurring under the conditions used. The rateis the best fit to eq 2 withig + ky) = 6.5 x 10° st andkea= 2.0
constantky for the decay of RU is not shown in these insets. x 108 s71,

to CMPI according to Scheme 2. The'RuF€', and RU Scheme 3
transients were fitted as described above With= (0.5 + Rull* Felll R**
0.08) x 1P s %, kg= (6.0 0.8) x 1P s7%, and ko + Kety)
= (3.0+ 0.3) x 10° s % It was not possible to separately hy
determinek, andke by this method. However, it is highly
unlikely thatk, changes as a result of CMPI formation, since g i g g-+
ki andky remain constantk; andk, both represent electron
transfer between ruthenium and hemend are expectedto  The 550 nm transient is described by eq 2 wkthand keta
change in concert in response to any potential conformationalset to zero and thus consists of a single increasing exponential
changes (Durham et al., 1989). With the assumptionkhat with rate constantiq + kg) = (6.54 0.6) x 1* s*. When
remains constant at (18 0.1) x 1 s7%, the rate constant 1 equiv of hydrogen peroxide was added to this sample to
for electron transfer from Mo the initial acceptor in CMPI  form CMPI, the rapid increase in the 550 nm absorbance
iS keta= (2.0+ 0.3) x 1P s7%. was followed by an exponential decrease, indicating electron
A different experimental approach was also used to transfer from heme F€e' to the initial acceptor in CMPI
measure intracomplex electron transfer, in which the sacri- (Figure 2B). The 550 nm Fetransient was fit to eq 2 with
ficial electron donor aniline was present to rapidly reduce (k; + ky) = (6.5+ 0.7) x 10° st andkeiz = (2.0 4 0.3) x
RuU" and prevent the back reactibp Photoexcitation ofa  10° sX. The value ofkes is thus the same as in the
1:1 complex between Ru-39-Cc and CcP in the presence ofexperiments without aniline. No net decrease in absorbance
aniline resulted in a rapid increase in the absorbance at 550was observed at 434 nm using either method, indicating that
nm with no subsequent decrease, consistent with Scheme 3the Trp-191 indolyl radical cation was reduced rather than

&
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Ficure 3: Photoinduced electron transfer from Ru-39.Go [yCc] (uM)

CMPII. A solution containing 3.2M Ru-39-Cc and 3.4M CMPI Ficure 4: Competition between Ru-39-Cc and yCc for the high-

in 2 mM sodium phosphate, pH 7.0, and 2 mM aniline was inity binding site on CMPI. Native yCc was added to a solution
subjected to three laser flashes to completely reduce the Trp'lglcontaining 54M Ru-39-Cc and 5M CMPI in 2 mM sodium

radical cation in CMPI to form CMPIl as shown in Figure 2B. o :
; . : phosphate, pH 7, 2 mM aniline, 2%, and the amplitude of the
The next laser flash resulted in the 550 nm transient shown with a ¢ <t "alectron transfer phase due to Ru-39-Cc binding at the high-

- 1 i i L elec ( ; > i
rate contstant Oktetb . '5c(i)'oots J A dtra?3|entfeg]434 nfm Wl'tﬂ the " ffinity site was measured. The smooth curve is the fit to the binding
same rate constant indicated reduction ot the oxylerryl Neme I o ation for the competitive equilibrium, Ru-39-Gc CMPI =

CMPIL. Ru-39-Ce-CMPI, yCc+ CMPI = yCc—CMPI. The ratio of the

. . dissociation constants for the two complexes —cdK
the oxyferryl heme (Geren et al., 1991). The radical in CMPI =1 05+ 0.1, P Was-ao-cfKyce

is slowly reduced by aniline (Roe & Goodin, 1993; Hahm

etal.,, 1992). However, under the conditions used here, theTaple 1: Effect of CcP Mutants on Intracomplex Electron Transfer
half time for this reaction is over 1 order of magnitude larger from Ru-39-Cc to the Radical Cation and the Oxyferryl Heme in
than the time needed to form CMPI and initiate the laser CMPF

flash. The measured value kf, was independent of the mutant Keta (10P 571 Keth (10° s71)
concentration of aniline over the range-3 mM. CcP(MI) 20+023 5.0+ 0.6

In order to measure the rate of reduction of the oxyferryl E32Q 2.14+0.3 4.3+05
heme, a solution containingil Ru-39-Cc and %M CMPI D34N 0.5+0.2 1.2+0.2
in 2 mM sodium phosphate, pH 7.0, and 1 mM aniline was EggoQN 8'31 8'% %gi 8'2
subjected to a series of laser flashes. Once the radical cation o919 20+ 03 4.4+ 0.6
was reduced by the first three flashes as described above, A193F 0.8+ 0.2 1.5+0.2
subsequent flashes resulted in a much slower 550 nm  A193C-MPB 0.013+ 0.002 0.0740.2
transient with a rate constant kf, = 5000 st (Figure 3). 2 keta aNd ke, Were measured as described in Figurein 2 mM

A fransient decrease in absorbance with the same ratesodium phosphate, pH 7.0, 2. The error limits were determined
constant was observed at the Cc isobestic of 434 nm,from at least three independent measuremérieasured by Miller
indicating that this phase represents electron transfer from®t &- (1996).

Ru-39-C¢ to the oxyferryl heme in CMPII(F¢=O,R). The

rate constarkes, for reduction of the oxyferryl heme involves  the dissociation constants for Ru-39-Cc and native yGe,
conversion of CMPII(F¢=0,R) to CMPII(Fd' R*") fol- (Ru-39-Cc)K4(yCc) was 1.05t 0.1 (Figure 4). The absolute
lowed by intracomplex electron transfer from Ru-39'Gz value ofKy was too small at 2 mM ionic strength to measure
R**, as described in the Discussion section. Blkthand by the ruthenium technique and was estimated to be less
kew are independent of protein concentration from 5 to 20 than 107 M.

uM in solutions containing CMPI concentrations equal to  In order to investigate the binding domain used by Cc for
or greater than that of Ru-39-Cc. When the CMPI concen- reduction of the radical cation and the oxyferryl heme, the
tration was less than that of Ru-39-Cc, an additional very effect of CcP surface mutations okia and kew were
slow phase was observed due to the reaction of solution phaseneasured.kexWas decreased 4-fold and 2-fold by the surface
Ru-39-Cc with the 1:1 complex, which will be discussed charge mutations D34N and E290N, respectively, but was
elsewhere (Mei et al., 1996). These results are consistentnot affected by the mutations E32Q and E291Q (Table 1).
with the assignment okes and ke, to electron transfer to Mutation of Ala-193 at the center of the binding domain to
the radical cation and the oxyferryl heme in 1:1 complexes a phenylalanine resulted in a 2.5-fold decreask.in The

of Ru-39-Cc with CMPI and CMPII, respectively. The effects of the surface mutants on the rate conskanfor
relative dissociation constant of the complex between Ru- reduction of the oxyferryl heme were approximately the same
39-Cc and CMPI was determined by a competition experi- as the effects otk for reduction of the Trp-191 radical
ment. Addition of wild-type yC¥ to a solution containing  cation.

5 uM Ru-39-Cc and 5«M CMPI resulted in a progressive Effect of lonic Strength on the Reaction between Ru-39-
decrease in the amplitude of the fast phase and an increas€c and CMPI The kinetics of the reaction between Ru-
in the very slow phase (Figure 4). This indicates that wild- 39-Cc and CMPI remained nearly the same from 2 mM up
type yC¢!' binds competitively to the same site on CMPI as to 100 mM ionic strength, where, = (1.2 4+ 0.3) x 10°
Ru-39-Cc. Analysis of the data indicated that the ratio of s andke,= 35004 600 s. A minor slow phase appeared
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JI— ] Ficure 6: Reaction between y&@nd the radical cation in CMPI
FIGURE 5: Secqnd-order rate constants for the reaction of Ru-39- measured by stopped-flow spectroscopy. The reaction between 0.4
Cc' and yC¢& with CMPI. Top panel: &) The second-order rate ;M yCc' and 0.6uM CMPI was carried out in 5 mM sodium
constank, for the reaction of Ru-39-Clawith the radical cation in phosphate, 16300 mM NacCl, pH 7.0, at 22C using protocol A:
CMPI was measured in 5 mM sodium phosphate, pH 7.0, 2 MM (A) 419 nm transient at 310 mM ionic strength. The smooth line is
aniline, and 156600 mM NaCl at 22°C using the ruthenium the best fit to eq 4 withk, = 1.7 x 18 M1 s 1 and an observed

1 L

QO
o
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photoreduction technique as described in the t@tThe second-  amplitude of 90% of the theoretical amplitude. (B) 419 nm transient
order rate constaikt, for the reaction of native yClawith the radical at 160 mM ionic strength, wittk, = 1.5 x 10° M~1 51 and an
cation in CMPI was measured using stopped-flow protocol Ain 5 amplitude of 40%. (C) 419 nm transient at 30 mM ionic strength,
mM sodium phosphate, pH 7, and-1600 mM NaCl at 22°C. with ks = 7 x 10® M~1s 1 and an amplitude of 15%. (D) 434 nm
() The second-order rate constépfor the reaction of yCtwith transient under the same conditions as (C). No 434 nm transient

the oxyferryl heme in CMPII was measured using stopped-flow absorbance change was observed at any of the ionic strengths. The
protocol B. Bottom panel: Amplitude of the stopped-flow transient transient recording starts before the stopped-flow trigger to show
for reduction of the radical cation in CMPI as a percentage of the the mixing phase as well as the reaction phase.

theoretical amplitude for the complete reaction. Protocol A was

used with [yC#] = 0.4 uM and [CMPI] = 0.6 uM. maximum pseudo-first-order rate constant to 350 fer

detection of at least 50% of the total absorbance change. In

in the kinetics at 100 mM ionic strength in addition to the view of the complexity of the reaction, it was judged
major fast phase due to intracomplex electron transfer to thedesirable to use a lower excess of CMPI in order to maximize
radical cation. As the ionic strength was increased abovethe percentage of the total absorbance change detected. The
100 mM, the amplitude of the fast phase decreased whiletransients were fitted to the complete second-order eq 4 to
the amplitude of the slow phase increased, consistent withmeasure the rate constdqt Figure 6A shows the 419 nm
complex dissociation. No fast phase was observed at ionictransient of the reaction between 0,881 yCc'" and 0.60
strengths of 200 mM and above. The slow phase had uM CMPI in 5 mM sodium phosphate, pH 7.0, 300 mM
second-order kinetics and was assigned to the bimolecularNaCl, at 22°C. The second-order rate constant is (£7
reaction between solution Ru-39/Cand the radical cation  0.5) x 108 M~! s7%, and the amplitude of the transient
in CMPI. The second-order rate consténtlecreased with  accounted for 90% of the theoretical absorbance change. No
increasing ionic strength, reaching a value of (2.0.4) x absorbance change was observed at 434 nm (a Cc isobestic),
10’ M~tstat 610 mM ionic strength (Figure 5). The value indicating that no reduction of the oxyferryl #e=O center
of ks for Ru-39-Cc was that same as that of wild-type yCc occurred under these conditions. Experiments with CMPI
from 160 to 610 mM ionic strength (Figure 5). Ru-39-Cc concentrations ranging from 0.5 tqu®1 confirmed that the
reacted initially with the Trp-191 radical cation in CMPI reaction was second order, with a rate constant of 1.8
under all conditions of ionic strength. 0.5) x 10 M~1 s7! (Table 2). The value ok, increased

Stopped-Flow Studies of the Reaction betweer! dd continuously as the ionic strength was decreased, until the
CMPI. The reaction between native yCand CMPI was reaction became too fast to resolve completely in the stopped-
studied using the stopped-flow protocols developed by Hahm flow spectrometer (Figure 5). At 160 mM ionic strength,
et al. (1993, 1994). To measure the initial electron transfer only 40% of the theoretical amplitude was resolved for the
step in the reaction without complications from the second reaction between 04M yCc'" and 0.6uM CMPI with k, =
step, yC¢€ was mixed with excess CMPI according to (1.5+ 0.5) x 10° M~1 s7! (Figure 6B). Even less of the
protocol A. Because of the large rate constant of the initial amplitude was resolved at higher CMPI concentrations. At
reaction, it was not generally possible to use- 40-fold ionic strengths of 100 mM and below, less than 20% of the
excess of CMPI over yCicto satisfy pseudo-first-order theoretical amplitude for the reaction between aayCc"
kinetics. The signal-to-noise ratio of the stopped-flow and 0.6uM CMPI was resolved (Figures 5 and 6). Under
spectrophotometer limited the minimum concentration of these conditions, it was not possible to measure a value for
yCc' to about 0.2«M, while the 2 ms dead time limited the  k,, but only a lower limit of 3x 10° M~ s™%. No 434 nm



Electron Transfer in CytochromePeroxidase

Table 2: Reaction between y€and CMPI Measured by
Stopped-Flow Spectroscopy

lyce'] [CMPI] % A ke (10° M~1s7)
0.35 05 90k 6 1.7+£0.3
0.30 1.0 74+ 6 1.8+ 0.4
0.30 1.4 56+ 6 1.9+ 0.4
0.30 2.1 46+ 7 2.0+ 0.4
0.15 15 54+ 6 1.8+0.4

aThe reaction between yCchnd excess CMPI was measured in 5
mM sodium phosphate, pH 7.0, 300 mM NaCl at°Z2using protocol
A. The second-order rate const&atvas measured by fitting the 419
nm transient with eq 4. 9 gives the amplitude of the transient relative
to the theoretical amplitude.
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FIGURE 7: Reaction between excess yG@nd CMPI using protocol

B. The reaction between 24M yCc" and 0.4uM CMPI was
carried out in 5 mM phosphate, pH 7.0, and 400 mM NaCl at 22
°C and measured at 419 and 434 nm. The smooth lines for both
transients show the best fit to Scheme 1 wkith= (7.0 + 1.0) x

10" M1 s and K = 0.15 4+ 0.03 using numerical integration
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FiGURE 8: Rate constant for the reaction of yGaith the oxyferryl
heme in CMPII. Top panel: The pseudo-first-order rate constant
kops Of the slow phase of the 419 and 434 nm transients was
measured for the reaction between 2 yCc" and 0.4uM CMPI
in 5 mM sodium phosphate, pH 7, ane-600 mM NaCl at 22C
using stopped-flow protocol B. Bottom panel: Amplitudes of the
419 @) and 434 nm@) transients as a percentage of the theoretical
amplitudes for the complete reaction.

using numerical integration techniques, wkh= (7.0 +

1.0) x 10’ M~1standK = 0.15+ 0.03 (Figure 7). Inthis
scheme the observed second-order rate constant for reduction
of the oxyferryl heme is given blg, = k.K/(1 + K), and it

is assumed that the equilibrium between the two forms of
CMPIl is rapid compared to the bimolecular reactions. The

0.6 0.8

methods. The fast phase of the 419 nm transient was also fit to eqvalue ofk, is 13% of the value ok, consistent withK =

4 with ky= (7.0+ 1.0) x 10/ M~1s7%, The slow phase in the 419
and 434 nm transients was fit to eq 4 wikh= (9.0 + 1.5) x 10°
M-lst

0.15. Note that reduction of CMPI(Fe=O,R") to CMPII-
(FéV=0,R) is accompanied by a slight increase in absor-
bance at 434 nmAeszs ~ +4 mM~t cm™! (Coulson et al.,

transient absorbance change was observed at any ionicl971). This increase is canceled by an absorbance decrease

strength (Figure 6), indicating that the radical cation was
the initial electron acceptor. No slower transients were
observed at either 416 or 434 nm out to more than 2 min.

due to the rapid conversion of 13% of CMPII{FFeO,R) to
CMPII(FE" ,R*) in the second line of Scheme 1, accounting
for the lag phase in protocol B and the absence of a 434 nm

To measure both electron transfer steps in the completetransient absorbance change in protocol A (Hahm et al.,

reduction of CMPI, excess y€ovas mixed with CMPI

according to protocol B. The two phases of reduction were
observed most clearly at high ionic strength, where both
reactions are slow enough to completely resolve in the

1994). As the ionic strength was decreased, b#ndk,
increased in parallel, ariiremained approximately constant
at 0.17+ 0.04 (Figure 5). The reduction of the radical cation
became too fast to resolve using protocol B at 210 mM ionic

stopped-flow spectrometer. The fast phase of the 419 nmstrength, and only a single phase was observed in both the

transient for the reaction between 281 yCc'" and 0.4uM
CMPI at 410 mM ionic strength is due to reduction of the
radical in CMPI(F&=0,R*) with rate constank, = (7.0

+ 1.0) x 10’ M1 s7! (Figure 7A), the same as measured
using protocol A. The slow phase in the 419 nm transient
is due to reduction of the oxyferryl heme in CMPII-
(FE€V=0,R) by a second molecule of yCwith rate constant

ko = (9.0 £ 1.5) x 10° Mt s71. The 434 nm transient

consists of a lag phase due to reduction of the radical cation,

followed by a slow phase due to reduction of the oxyferryl
heme with the same rate constépmeasured from the 419
nm transient (Figure 7B). Experiments with yQmncentra-

419 and 434 nm transients wiklg,s = 170+ 40 s'* andk,

= (1.0 &£ 0.3) x 1 M~' s (Figures 5 and 8). The
amplitudes of the 419 and 434 nm transients were 45% and
70% of the theoretical amplitudes, respectively. The value
of kopsincreased to 60&- 150 st as the ionic strength was
decreased to 110 mM, while the amplitudes of the transients
decreased further. However, as the ionic strength was
decreased below 100 mMy,s decreased substantially and
reached a value of @ 2 s at 10 mM ionic strength, with
amplitudes of 61% and 95% for the 419 and 434 nm
transients, respectively (Figure 8). Thus, protocol A indicates
that the reaction between ytCand the radical cation in

tions from 1 to 10uM confirmed that both phases obey CMPI is too fast to measure by stopped-flow spectroscopy
second-order kinetics. The complete time courses of bothat 10 mM ionic strength, with a second-order rate constant
the 419 and 434 nm transients were also fitted by Scheme 1greater than 3 10® M~*s™%. Protocol B is consistent with
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incubating the yCt solution with a catalytic concentration
of catalase (2 nM) for 1 min prior to the stopped-flow
experiment to remove any. B, (Figure 9B). Catalase did
not affect the kinetics of reduction of the radical cation or
oxyferryl heme. This phase was also eliminated by using
fresh yC¢ stock solutions that had been passed through a
moderately long Biogel P-2 column at 50 mM ionic strength
| ““\J to rigorously remove excess reductant and stored anaerobi-
cally until just before addition to the stopped-flow syringe.
It is also important to use slightly less than 1 equiv e
to oxidize CcP, in order to avoid any excesgl in the
CMPI solution.

0.31

0.30 A A

0.29

Absorbance

0.28 | 5 DISCUSSION

Intracomplex Electron Transfer from Ru-39!Cto the
,,J W Trp-191 Radical Cation in CMPI Measurement of the rate
constantke, andkey, for intracomplex electron transfer from
yeast cytochrome to the radical cation and the oxyferryl
heme in CMPI has been a difficult problem. The ruthenium
Time (s) photoreduction technique has been used to determine that
Ficure 9: Effect of HO, and catalase on the reaction between six horse Ru-Cc derivatives labeled at different lysines

excess yCtand CMPI. The reaction between 2481 yCc'" and initially reduced the radical cation in CMPI (Hahm et al.,

0.5uM CMPI was measured in 5 mM sodium phosphate, pH 7.0, T ;
and 100 mM NaCl at 22C and monitored at 419 nm: (A) 0.03 1993; Liu et al., 1995). The largest mtragomplex rate
«M H,0, was added to the yCsolution just before the stopped- ~ constant was observed for Ru-27-hCc, with = 6 x 10*

flow reaction. The fast phase in the 419 nm transient is due to S *. However, the rate constant for yCc is expected to be
reg:luction of the oxyferryl heme in Cl\l/IPII Witkops = 600 + 150 larger than that for hCc, since there is an additional 7 A gap
s%. The slow phase hdg = 23+ 4 s, and its amplitude of 3.6 petween heme and Ala-193 in the electron transfer pathway

1073 AU corresponds to the oxidation of 0. Cc'. In the :
;bsence of addedszDz the amplitude of this pﬁ)?geyis 150103 of the crystalline hCe CcP complex compared to the y€c

027 +————r———r——T7+T7
0 0.1 0.2 0.3 0.4 0.5

AU, corresponding to the oxidation of 0.0281 yCc'. (B) A small CcP complex (Pelletier & Kraut, 1992). Yeast Ru-102-Cc
amount of C-40 bovine liver catalase from Sigma (10 units/mL, 2 was found to have &, value greater than & 10* s for
nM) was added to the yCcsolution after addition of kD, as in reduction of the radical cation in CMPI. The reason that

(ﬁgzgddLng?gfé?iﬂéggr% Q}i{‘h2‘9;)‘(’r?ef:"lpﬁ;ﬂg'&V;Smééingﬁgcqggazht only a lower limit could be measured for this derivative is
b yiery '~ that electron transfer from Ruto hemec is rate-limiting.

the slow phase was completely eliminated.
The yeast Ru-39-Cc derivative satisfies both design criteria

this result, since only 60% of the theoretical absorbance for measuring intracomplex electron transfer discussed in the
change was observed in the 419 nm transient. However,introduction. There is an efficient pathway for electron
the reaction between yttand the oxyferryl heme in CMPII-  transfer between the ruthenium complex and the heme group
(FEV=0,R) is very slow at 10 mM ionic strength and is Which involves 13 covalent bonds and 1 hydrogen bond
nearly completely resolved in the 419 and 434 nm transients.linking the amide of Gly-41 to the heme propionate (Figure
No 419 nm phase due to reduction of the radical cation was 10). The rate constant for electron transfer from'Rio
resolved below 200 mM ionic strength using protocol B.  the heme grougk; =5 x 10° %, is close to the maximum
An additional slow phase was observed in the 419 nm for this path, since the driving force of 1.1 eV is close to
transients using protocol B with several stock solutions of the reorganization energy of 0.74.0 eV (Bjerrum et al.
yCd'. This phase was observed most clearly between 501995; Fairris et al., 1996). The location of the ruthenium
and 200 mM ionic strength where the reduction of the group on the back surface of Ru-39-Cc was designed to allow

oxyferryl heme is fast compared to the slow phase. The normal interaction with CcP (Figure 10). The second-order
pseudo-first-order rate constaktfor this phase was pro-  rate constant for the reaction of Ru-39-Cc with the radical

portional to the total concentration of all forms of CcP, in CMPI ationic strengths from 160 to 610 mM is the same
according to the relatiofs = kJCcP], with k. = (4.5 + as that for native yCc measured by stopped-flow spectros-
1.0) x 10 M~ s"%. The rate constark; was independent ~ copy (Figure 5). In addition, the dissociation constat

of ionic Strength from 50 to 210 mM, and of yCC for the hlgh-afflnlty CompleX between Ru-39-Cc and CMPI
concentration from 2 to 10M. The amplitude of this phase  is the same as for native yCc (Figure 4). These results
was always less than 10% of the amplitude of the major Provide strong evidence for the functional integrity of Ru-
phase due to reduction of the oxyferryl heme, and a 39-Cc.

corresponding phase was not observed in the 434 nm The rate constarke, for intracomplex electron transfer
transient. Sincde has the same value as the second-order from Ru-39-Cc to the Trp-191 indolyl radical cation was
rate constant for the reaction betweesOzland CcP, itwas  measured by two different techniques, shown in Figure 1B
postulated that this phase was due to small concentrationswithout a sacrificial donor, and Figure 2B using aniline as a
of H,O, in the yC¢ stock solution. The amplitude was sacrificial donor. The value df., was found to be 2.0«
increased by addition of a small amount i to the yC¢ 10 s 1 using either technique and was independent of protein
solution before mixing, without affecting the value kf concentration, indicating that it was due to electron transfer
(Figure 9A). This phase was completely eliminated by within the 1:1 high-affinity complex between the two
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Ficure 10: X-ray crystal structure of CeRyCC complex (Pelletier & Kraut, 1992). The ruthenium complex was attached to Cys-39 by
molecular modeling. The heme groups of both proteins and the electron transfer pathway consisting of CcP residues Trp-191, Gly-192,
Ala-193, and Ala-194 are shown in bold. The side chains of CcP residues E32, D34, E35, D37, A193, E290, and E291 and yCC residues
K5, K73, and K87 are shown and labeled.

proteins. The location of the high-affinity interaction domain nyl)biocytin (MPB) resulted in a 150-fold decreasekig to
between yCc and CMPI was investigated using mutants 1.3 x 10* s! (Miller et al., 1996). This modification
involving CcP surface residues. Mei et al. (1996) found that sterically prevents yCc from binding to the high-affinity
the charge— amide mutations D34N and E290N increased binding site with the orientation observed in the crystalline
the equilibrium dissociation constamy of the complex yCc—CcP complex. Instead, yCc can bind in the orientation
between Ru-39-Cc and CMPI by more than 30-fold at low of the crystalline hCe CcP complex, which has a 7 A gap
ionic strength. The E35Q mutation had a smaller effect, between the edge of heneeand the Ala-193 methyl group.
while the mutations E32Q and E291Q had very little effect. The values ofke for the reaction of the A193C-MBP
The relative effects of the charge mutationskan ke, and analogue with horse and yeast ROc derivatives are

kew parallels the location of these residues at the binding comparable (Miller et al., 1996). Previous kinetic and
domain of the yCe-CcP crystalline complex (Table 1; Figure binding studies have indicated that reaction between horse
10). Asp-34 and Glu-290 are located within the binding Cc and CMPI utilizes the binding domain of the crystalline
domain with their terminal oxygen atoms 3.8 and 3.2 A from hCc—CcP complex (Miller et al., 1994b; Liu et al., 1995;
the amino groups of yCc lysines 87 and 73, respectively Erman et al., 1996).

(Figure 10). The large increase Ky due to mutation of The mutagenesis studies discussed above provide evidence
these carboxylates to amides could be accompanied by smalthat the binding domain identified in the yEE€cP crystalline
changes in the orientation of the complex, which could cause complex is used for electron transfer in solution. It is
the relatively small decreaseskna (Table 1). Changes of  therefore of interest to compare the experimental rate constant
only a fraction of an angstrom in the electron transfer ke With the predictions of several widely used theories for
pathway could account for the-2-fold decreases iHeta long-range electron transfer utilizing the X-ray crystal
Glu-35 and Glu-32 are located at the edge of the binding structure information. These theories are based on the
domain, with their carboxylate oxygens about®and 5 A  semiclassical relationship developed by Marcus (Marcus,
from the Lys-87 amino group on yCc, respectively (Figure 1956; Marcus & Sutin, 1985):

10). The carboxyl grouAp on Glu-291 projects away from ,

the interface and is 8 A from the closest lysine on yCc 4 2 1 o >

(Figure 10). The small effects of the E32Q and E291Q ket:THAB Wexp[—(AG + ) TART]
mutations orKg, Keta andkep, provide an important control (5)

for the methodology. The van der Waals interaction between

the CcP Ala-193 methyl group and the heme CBC methyl Has describes the electronic coupling between the redox
group is at the center of the interaction domain in the centers, andl is the nuclear reorganization energye
crystalline yCe-CcP complex. Addition of a phenyl group assumes its maximum activationless valkg., when the

to the methyl group of Ala-193 in the A193F mutant results driving force—AG° matches the reorganization enefgsnd

in a 2-fold decrease ik (Table 1), consistent with a change the exponential termin eq 5 is equal to 1. Marcus originally
in the binding orientation. Substitution of Ala-193 with Cys- suggested that the electronic coupling term can be described
193 labeled with the bulky reagent BHmaleimidylpropio- approximately by a simple exponential dependence on the
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distance between the redox centers: Scheme 4
Lo R ¢ 2 (7o, RY): of Kew v st ke v m

Hag” = Hy” expR) ) T e ETeme e o aiton e

(Fé=0,R) + " % (Fe=0,R):c"

whereR s the edge-to-edge distance between the two redox 4

centers andH, is the maximum electronic coupling. Moser I . I

et al. (1992) found that in a broad range of biological systems (F-0'K") + ¢" == (w0, x'*): (0, R): " = (56, R) + "

kmax decreases exponentially with the distafewith 5 = wr e e -

1.4 A1 and an intercept of 9s! at the van der Waals j ; Oj Hoj Ho}

contact distance oR = 3.6 A. The distance between the . .~ ., . 7

closest heme macrocycle atom of yCc and the closest Trp- F¢-% ) * € 557 (Fer i€ =R 2= (R Ry ¢ O

191 indole ring atom in CcP is 16.0 A in the crystalline yE€c "

CcP complex. The maximum, activationless rate constanttransfer from vCe to the Tro-191 indolvl radical cation in
for this distance using the parameters suggested by Moser, y P Y

: _ - CMPI is very efficient and unlikely to be controlled by
etal. (1992) ikmax= 3 x 10° s™1. Beratan and co-workers . .
(1992) developed a dominant pathway model for electron conformational gating (Hoffman & Ratner, 1987).
transfer in which the electronic coupling is described by a  Mechanism for Electron Transfer from C¢o the Oxy-
combination of through-bond, through-hydrogen-bond, and ferryl Heme in CMPII. The rate constant for intracomplex
through-space contributions which maximize the overall €lectron transfer from Ru-39-Cc to the oxyferryl heme in
Coup”ng_ The best pathway between hetand the Trp_ CMPII is ketb = 5000 s!. The effects of the surface
191 indolyl radical cation in the crystaline ye€cP ~ Mmutations orke, were approximately the same as the effects
complex consists of two covalent bonds from the heme ON kew indicating that the PelletierKraut binding domain
macrocycle to the heme CBC methyl group, a van der Waals and electron transfer pathway are also used for the reduction
contact of 4.1 A between the heme CBC methyl group and Of the oxyferryl heme in CMPII. The 70-fold decrease in
the Ala-193 methyl group, and nine covalent bonds from Kew caused by the A193C-MPB substitution supports this
the Ala-193 methyl group to the indole group on Trp-191 conclusion (Table 1) and indicates that no other binding site
(Figure 10). Application of the dominant pathway model can significantly contribute to electron transfer to the
to this pathway yields Bmay value of 2x 10F s°1, assuming oxyferryl heme. A mechanism for the complete reduction
that the hydrogen atoms in the heme CBC and Ala-193 of CMPI, which includes yCc binding and dissociation as
methyl groups are in van der Waals contact with a separationwell as proton transfer to and:8 release from the heme, is
of 2.0 A. The theoretical value df; in eq 1 will be less shown in Scheme 4. For simplicity, it is assumed that the
than knax if the driving force —AG® is not equal to the  rate constantk andkq for formation and dissociation of the
reorganization energy. Unfortunately, neither the driving ~ 1:1 complex do not depend on the redox states of Cc or CcP.
force nor the reorganization energy of the reaction between(Cc is represented by c in Scheme 4.) The top line of
hemec and the radical cation are known. Mondal et al. Scheme 4 gives a mechanism for reduction of the Trp-191
(1996) measured a potential $D.74 V for the two-electron  radical cation in CMPI by Ct  Complete reduction of the
reduction of CMPI using cyclic voltammetry but were not oxyferryl heme in CMPII by solution Cdnvolves the steps
able to determine the individual reduction potentials of the leading from A to H. Internal electron transfer from Trp-
radical cation and oxyferryl heme. Miller et al. (1994b) 191 to the oxyferryl heme in A results in formation of C,
estimated from stability considerations that the redox po- Which is postulated to be in rapid equilibrium with A but
tential of the Trp-191 radical cation is about 0.65 V. Using present in only small concentrations. Proton transfer to the
these estimates and a redox potential of 0.25 V for heme F€"—0~ oxygen in C then results in release of®and
a driving force of—AG® = 0.4—0.5 eV can be estimated. formation of F. Coulson et al. (1971) first observed two forms
The reorganization energy of Cc has been estimated to beof CMPII, A and F and reported that the equilibrium constant
about 1.0 eV in solution (Bjerrum et al., 1995; Fairris et al., K = [F]/[A] decreased from 1.2 at pH 5.0 to 0.15 at pH 7.0.
1996), but complex formation with CcP is likely to decrease Ho et al. (1984) found that the rate of conversion of the stable
this value (Scott et al., 1994). There is no information on form of A to F is slow but postulated that it is much faster
the reorganization energy of the Trp-191 indolyl radical in the conformation of A present immediately following
cation, but it is likely to be small since the radical is well- reduction of the radical cation in CMPI. Liu et al. (1994)
removed from solvent and no changes in bonding are directly measured the rate constant for the conversion of this
required for reduction. The reorganization energy for conformation of A to F to be 1100 5at pH 5.0 and 550
electron transfer from yClcto Trpt is estimated to be in s at pH 6.0. They presented evidence that the reduction
the range 0.40.8 eV, assuming that it is the average of the of the oxyferryl heme by yCcunder stopped-flow conditions
reorganization energies of the two reactants (Marcus & Sutin, at high ionic strength involves the sequence of steps &
1985). It thus appears that the driving force is comparable — F — G — H, which is the same as in Scheme 1. The
to or less than the reorganization energy, &dnay be value ofk;, is about 14% of the value ¢ at ionic strengths
somewhat less thathax. Therefore, theoretical predictions from 160 to 610 mM at pH 7.0 (Figure 5), consistent with
for ket based on both the distance and pathways models areK = [F)/[A] = 0.17 £ 0.04. Although it has not been
less than the experimental valuelgl,= 2 x 10° st by a possible to directly measure the rate constant for conversion
factor of 8 or more. These initial theoretical predictions are of A to F at pH 7.0, it is likely to be about 500 %5(Liu et
necessarily only approximate but serve to point out the al., 1994). Thekg,s for reduction of the oxyferryl heme is
complexities of modeling long-range intracomplex electron smaller than 50078 from 160 to 600 mM ionic strength, so
transfer. This comparison with theory indicates that electron the rate of conversion from A to F does not limit the reaction.

cl Kew 1 m ki m_ <

H,0
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Intracomplex electron transfer from bound Ru-39 @z stopped-flow studies in our laboratory have demonstrated
the oxyferryl heme in CMPII involves the steps leading from that the radical cation is the initial reduction site in the
B to H. The rate constant for this proceks, = 5000 s?, reaction with native horse Cat all ionic strengths (Hahm
is much larger than the rate constant for conversion of B to et al., 1994), and with native y&at ionic strengths from
G, which is assumed to be the same as that for the conversior600 mM down to at least 200 mM (Miller et al., 1994b). In
of A to F. However, this slow step could be bypassed by contrast, Matthis et al. (1995) recently reported that the
electron transfer from yClao R'* in D to form E, followed oxyferryl heme is the initial site reduced by yCat ionic
by proton transfer and 40 release to form H. The rate of strengths below 200 mM, while the radical cation is initially
intracomplex electron transfer to the oxyferryl heme would reduced at higher ionic strength. Summers and Erman (1988)
then be given bykep = KeteKps/(1 + Kpg), WhereKpg = and Nuevo et al. (1993) also reported that the initial reduction
[D)/[B] and the rate constant for the equilibrium between B site for horse Cc was the oxyferryl heme at ionic strengths
and D is assumed to be fast comparetttp Kpg is found up to 100 mM, and the radical cation at higher ionic strength.

to be 2.5x 103 at pH 7.0, usingdes, = 5000 s andke, = The stopped-flow protocol used by Matthis et al. (1995) and
2 x 1P s, The rate for conversion from D to G is limited Nuevo et al. (1993) involves the use of exces$ @cfully
by the rate of proton transfer and/or release gOHrom reduce CMPI to CcP. The mechanism for the reaction under

the heme iron. These processes could be considerably fastethese conditions is very complicated, with two one-electron-
in the conversion from E to H than D to G due to the removal reduction reactions each involving complex formation,
of the electrostatic effect of the Trp-191 radical cation. intracomplex electron transfer, and complex dissociation
Although intermediates C and D have not been detected(e.g., Scheme 4). The rate constant for the reaction is so
directly, several lines of evidence support the requirement rapid at ionic strengths below 200 mM that less than 50%
for an oxidizable indole at residue 191 for reduction of the of the amplitude is resolved in the stopped-flow spectrometer,
oxyferryl heme. First, replacement of Trp-191 with Phe further complicating the analysis. In addition, the second
decreases the rate of reduction of the oxyferryl heme by morelow-affinity Cc binding site appears to affect the mechanism
than 108 (Miller et al., 1995) but leads to only minor changes at low ionic strength (Matthis et al., 1995; Zhou et al., 1995).
in the conformation of the proximal heme pocket (Wang et  We believe that the key experiment to determine the initial
al., 1990). Since the phenyl ring in the mutant is just as site of reduction in CMPI is protocol A, in which &ds
close to the heme as the indole ring in CcP(MI), the rate of mixed with excess CMPI. This protocol ensures that only
electron transfer should not have been affected by thethe initial electron transfer reaction is observed, without
mutation if the Trp-191 indole simply acted as a passive complications arising from the second electron transfer
conduit. Second, replacement of Met-230 by lle decreasesreaction or the low-affinity binding site. The reaction
the rate of reduction of the oxyferryl heme by 10-fold and detected by protocol A will consist of complex formation
prevents the formation of intermediate G (Liu et al., 1994). between Ct and CMPI, followed by intracomplex electron
Since the mutation caused virtually no change in the transfer to the initial acceptor (the first two steps of the top
conformation of Trp-191 in the heme pocket, it was line of Scheme 4). Experiments using protocol A indicate
postulated that the sulfur atom on Met-230 stabilizes the Trp- that yC¢ initially reduces the radical cation in CMPI at high
191 radical cation and favors formation of intermediates D ionic strength, as generally agreed (Figure 6). The second-
and G. Both of these results indicate that the oxidation and order rate constark; for this reaction increases uniformly
reduction of Trp-191 plays an essential role in electron as the ionic strength is decreased, until it becomes too fast
transfer from CE€ to the oxyferryl heme. Scheme 4 provides to resolve in the stopped-flow spectrophotometer (Figures 5
a mechanism for reduction of the oxyferryl heme under a and 6). Ationic strengths below 120 mM, less than 20% of
diverse range of conditions. The relative concentrations of the reaction was resolved, and the second-order rate constant
the three forms of CMPII at pH 7.0 are [AL:[C]:[FE k, was estimated to be larger thanx310° M~* s71. No
[Bl:[D]:[G] = 86%:0.25%:14%. Under saturating YCc absorbance change was detected at 434 nm at times from 2
conditions, the reaction will follow the pathwayB D — ms to several minutes, indicating no reduction of the
E — H and the intracomplex rate constaat will be 0.25% oxyferryl heme. The final product of the reaction is therefore
of keta However, when [yCY is small and rate-limiting, CMPII(FEV=0,R), in agreement with the equilibrium titra-
the reaction will follow the pathway A~ C—F— G —H, tion studies of Coulson et al. (1971). The ionic strength
and the second-order rate constinivill be 14% of k. dependence of the bimolecular reaction between'y&x
Sequence for Reduction of the Trp-191 Radical Cation and CMPI is the same as for Ru-39-Cc, measured using the
the Oxyferryl Heme in CMPI by y&c Coulson et al. (1971)  ruthenium photoreduction technique (Figure 5). This ionic
carried out a detailed study of the reaction between horsestrength dependence is consistent with a bimolecular reaction
Cc and CMPI using both visible spectroscopy and ESR between oppositely charged proteins (Smith et al., 1981). It
spectroscopy to define the products of the reaction. Theyis concluded that yCcbinds to CMPI with a second-order
found that addition of 1 equiv of hCcto CMPI led to rate constank that is close to the diffusion limit at low
reduction of the radical cation to form CMPII(Fe=O,R) ionic strength, followed by rapid intracomplex electron
at pH 7 and above, with less than 20% CMPII(Fe") transfer to the Trp-191 indolyl radical cation (Scheme 4).
formed. In the present studies, the Trp-191 indolyl radical Protocol B was used to study both electron transfer
cation in CMPI was found to be the initial site of reduction reactions by mixing excess yCwith CMPI. The reaction
by yeast Ru-39-Ccunder all conditions of concentration between 2.5«M yCc'" and 0.4uM CMPI at 410 mM ionic
and ionic strength. Yeast Ru-102-Cc as well as six different strength proceeded in two phases corresponding to the initial
horse Ru-Cc derivatives have also been found to initially reduction of the radical in CMPI with rate constaat=
reduce the radical cation in CMPI under all conditions (Geren (7.0 + 1.0) x 10° M~* s71, followed by reduction of the
et al., 1991; Hahm et al., 1993; Liu et al., 1994). Previous oxyferryl heme in CMPII with rate constamt, = (9.0 &
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1.5)x 1 s 1. When the ionic strength was decreased, both
second-order rate constarksandk, increased in parallel

Wang et al.

presented that this phase was due to a small concentration
of H,O, that occurred in several stock solutions of yCc

(Figure 5) and reached a point where neither reaction could Addition of a small amount of kD, to the yC¢ solution

be completely resolved in the stopped-flow spectrophotom-

eter. The initial reduction of the radical cation could not be
resolved at ionic strengths below 220 mM. At the higher
Cc' concentrations used in protocol B (e.g., 28l), the
reduction of the radical cation would occur witlkgsvalue

of aboutk, x 2.5uM = 1250 st at 210 mM ionic strength,
and only 8% of the reaction would be resolved in the

resulted in an increase in the amplitude of the slow phase
with no change in the rate constant. Most significantly, the
slow phase was completely eliminated by incubation of the
yCc' solution with catalase, which specifically convertgli

to HO and Q. All of the kinetic properties reported in the
present studies and by Matthis et al. (1995) are consistent
with the interpretation that this phase is due to enzyme

stopped-flow spectrometer with a dead time of 2 ms. Less turnover by a small concentration of,&; in the yCd
than 1% of the reaction would be resolved at ionic strengths solution according to eq 7. This phase is only observed

below 120 mM. The rate constakiys for reduction of the
oxyferryl heme was very large at ionic strengths between

100 and 200 mM, and less than 50% of the reduction of the

oxyferryl heme was resolved (Figure 8). However, the rate

constant decreased below 100 mM ionic strength, and a

CcP+ Hzozﬁ» CMPI;

CcMPI + 2ycd 22 cep+ 2ycd (7)

single slow phase was observed in both the 416 and 434 nmunder conditions where it is slow compared to the reduction

transients at 10 mM ionic strength wiklges = 10 s*. The

of the radical cation and oxyferryl heme by yQge., below

amplitudes of the 416 and 434 nm transients were close to200 mM ionic strength). Therefore, the CMPI present at

the theoretical values for reduction of the oxyferryl heme,

the beginning of the stopped-flow experiment will have been

with no additional phase that could be assigned to reductionconverted to CcP before this phase begins. Since the second

of the radical cation. Protocols A and B indicate that at low
ionic strength yCk initially reduces the radical cation in
CMPI in a bimolecular reaction that is close to the diffusion
limit. A second molecule of yClthen reduces the oxyferryl
heme in CMPII with a very small rate constant. Sirkgg
is much smaller than the rate constagg for intracomplex
electron transfer to the oxyferryl heme, it is concluded that
the rate-limiting step is dissociation of y€érom the CMPII-
(F€v,R)—yCc" product complex before the second molecule
of yCc' can bind (Scheme 4). The product dissociation rate
constantky is expected to increase with increasing ionic
strength, accounting for the 60-fold increasekigs as the
ionic strength is increased from 10 to 100 mM (Figure 8).
The direct measurement &f over a wide range of ionic
strength was described by Mei et al. (1996) and Miller
(1996). yC¢ also binds to a second low-affinity site on CcP
at low ionic strength and affects the kinetic mechanism (Zhou
et al., 1995; Matthis et al., 1995). Mei et al. (1996) and
Miller (1996) presented evidence that yCQainding at the
low-affinity site increases the rate constigfor dissociation
of yCc" from the high-affinity binding site, thus increasing
the overall rate of reduction of the oxyferryl heme. They
did not find evidence for direct electron transfer from YCc
in the low-affinity binding site to either the Trp-191 radical
cation or oxyferryl heme.

The experimental conditions used by Matthis et al. (1995)

step in eq 7 is fast compared to the first step, the pseudo-
first-order rate constanks will be independent of the
concentration of yCt as observed. No transient absorbance
change will be observed at 434 nm for this phase since CMPI
is reduced much faster than it is formed and does not build
up. The second-order rate constant for the reaction between
CcP and HO; is k, = 4.6 x 10"/ M~ s71 (Vitello et al.,
1990), and since [kD;] is smaller than [CcP] under the
conditions examined, the pseudo-first-order rate constant will
beks ~ kj[CcP]. The same kinetic equation is observed for
the slow phasegs = kJ[CcP], and the values d{; reported

by Matthis et al. (1995), (5.2 0.2) x 10/ M~1s™%, and in

the present studies, (4451.0) x 10’ M~*s™1, are essentially
the same ak,. Furthermorek; andk, are both independent

of ionic strength (Matthis et al., 1995; Vitello et al., 1990).
A slow phase with the same kinetic properties was also
observed during the reduction of CMPI by excess horde Cc
at ionic strengths below 100 mM, witlh = (4.0 + 2.5) x

10’ M~1s ! (Summers & Erman, 1988; Nuevo et al., 1993).
Although it is uncertain how kD, could be formed in the
yCc' solution, it is known that both h®cand yCé¢ are
slowly autoxidized in the presence o%.Olt is postulated
that small concentrations of,B, and other oxidized species
could build up during this autoxidation. An,8, concentra-
tion of less than 3% of the y&@oncentration would account
for the slow phase observed in the present studies and in

are essentially the same as protocol B, and our results forFigure 1 of Matthis et al. (1995). With this explanation for
reduction of the oxyferryl heme are in general agreement the slow phase, the data of Matthis et al. (1995), Neuvo et

with theirs. At a concentration of ZM yCc" and 0.2uM
CMPI, they observed an increasekifs for reduction of the

al. (1993), and Summers and Erman (1988) are consistent
with a mechanism in which both y&and hC¢ first reduce

oxyferryl heme as the ionic strength was decreased from 300the Trp-191 radical cation in CMPI and then the oxyferryl

to 100 mM, followed by a substantial decrease at lower ionic
strength. They did not observe the rapid reduction of the
radical cation at ionic strengths below 200 mM, which is in

heme in CMPII at all ionic strengths.
Pappa et al. (1996) recently prepared two specifically
cross-linked yCe-CcP complexes. Complex 2 was designed

agreement with our results showing that this reaction is too to mimic the PelletierKraut crystalline complex, while

fast to resolve using protocol B.

complex 3 is cross-linked at CcP residue 149 on the opposite

Matthis et al. (1995) reported an additional very slow phase side of the molecule. In both complexes, the cross-linked

at ionic strengths below 200 mM which was attributed to
reduction of the radical cation in CMPII(lteR**). We have

yCc' was found to transfer an electron to the Trp-191 radical
cation in CMPI rather than the oxyferryl heme. The rate

also observed a slow phase with the same kinetic propertiesconstant for electron transfer in complex 2 was too fast to
as reported by Matthis et al. (1995). However, evidence is measure by stopped-flow spectroscopy and was estimated
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to be greater than 8005 The rate constant was much
smaller in complex 3, about I'5 Electron transfer from
yCc' to the Trp-191 radical in complex 3 was unexpected
because hemeis closer to the oxyferryl heme than to Trp-
191, 14-18 A versus 26-23 A. In addition, small molecules
such as aniline first reduce the radical in CMPI (Roe &
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Hahm, S., Miller, M. A., Geren, L., Kraut, J., Durham, B., & Millett,
F. (1994)Biochemistry 331473-1480.

Hazzard, J. T., & Tollin, G. (1991). Am. Chem. Soc. 118956—
8957.

Hazzard, J. T., Poulos, T., & Tollin, G. (198Bjochemistry 26
2836-2848.

Heacock, D., Liu, R., Yu, C., Yu, L., Durham, B., & Millett, F.

Goodin, 1993), even though they appear to react near the (1993)J. Biol. Chem. 26827171-27175. _
5-meso edge of the heme on the opposite side from Trp- HO, P- S., Hoffman, B. M., Kang, C. H., & Margoliash, E. (1983)

191 (Wilcox et al., 1996). These results suggest that the

Trp-191 radical cation is the initial site of reduction in CMPI
regardlessof the pathway for electron transfer. Trp-191 is

in van der Waals contact with the CcP heme, and the
oxyferryl heme and radical cation are coupled by weak spin

exchange (Huyett et al., 1995). Reduction of the radical
cation is thermodynamically favored at pH 7 or greater

J. Biol. Chem. 2584356-4363.

Hoffman, B. M., & Ratner, M. A. (1987). Am. Chem. Soc. 109
6237-6243.

Huyett, J. E., Doan, P. E., Gurbiel, R., Houseman, A. L. P., Sivaraja,
M., Goodin, D. B., & Hoffman, B. M. (1995). Am. Chem. Soc.
117, 9033-9041.

Liu, R.-Q., Hahm, S., Miller, M. A, Han, G. W., Geren, L., Hibdon,
S., Kraut, J., Durham, B., & Millett, F. (199/Biochemistry 33
8678-8685.

(Coulson et al., 1971) and also kinetically favored because Liu, R., Hahm, S., Miller, M., Durham, B., & Millett, F. (1995)

of the large reorganization energy for reduction of the
oxyferryl heme due to the need for proton transfer ap®H
release (Roe & Goodin, 1993).

Rapid electron transfer

Biochemistry 34973-983.

Marcus, R. A. (1956)). Chem. Phys. 2866—989.

Marcus, R. A., & Sutin, N. (1985Biochim. Biophys. Acta 811
265-322.

between the Trp-191 indole and the oxyferryl heme (such o qqjiash, E., & Frohirt, N. (1959Biochem. J. 71570-575.
as proposed between A and C in Scheme 4) would ensuréyatthis, A. L., Vitello, L. B., & Erman, J. E. (19953iochemistry

that the radical is reduced first regardless of the source of

34, 9991-9999.

the electron. It therefore appears that reduction of both the Mauro, J. M., Fishel, L. A., Hazzard, J. T., Meyer, T. E., Tollin,

radical cation and the oxyferryl heme in CMPI involves a
high degree of coupling between the two redox centers.
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