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ABSTRACT. Intramolecular electron transfer in the electrostatic cytochromedase/cytochrome complex

was investigated using a novel photoactivatable dye. Laser photolysis of thiouredopyrenetrisulfonate
(TUPS), covalently linked to cysteine 102 on yeast iso-1-cytochronggenerates a triplet state of the

dye, which donates an electron to cytochrotéollowed by electron transfer to cytochromexidase.
Time-resolved optical absorption difference spectra were collected at delay times from 100 ns to 200 ms
between 325 and 650 nm. On the basis of singular value decomposition (SVD) and multiexponential
fitting, three apparent lifetimes were resolved. A sequential kinetic mechanism is proposed from which
the microscopic rate constants and spectra of the intermediates were determined. The triplet state of TUPS
donates an electron to cytochromwith a forward rate constant 6§2.0 x 10* s~%. A significant fraction

of the triplet returns back to the ground state on a similar time scale. The reduction of cytoachi®me
followed by faster electron transfer from cytochrom® Cus, with the equilibrium favoring the reduced
cytochromec. Subsequently, Guequilibrates with hema with an apparent rate constantefl. x 10*

s L. On a millisecond time scale, the oxidized TUPS returns to the ground state andaheesemes
reoxidized. The extracted intermediate spectra are in excellent agreement with model spectra of the
postulated intermediates, supporting the proposed mechanism.

Electron transfer from cytochronmeto the dioxygen site 1.8 x 10* sX. The same value was obtained during
in cytochromec oxidase has been extensively investigated photoinduced electron transfer from tris(2t2pyridyl)-
using stopped-flow techniques)( However, these measure- ruthenium(ll) bound to cytochrome& oxidase through
ments are limited by the rate of cytochrornébinding to electrostatic interaction§) and following photodissociation
cytochrome ¢ oxidase 2, 3). To circumvent this rate  of the three-electron-reduced CO-bound cytochranosi-
limitation, transient kinetic measurements using pulse radi- dase 11). Single-turnover flow-flash studies of the reaction
olysis @, 5) or photoactivatable compounds as electron of dioxygen with the electrostatic cytochroroeytochrome
donors 6—10) have been carried out. While many of the ¢ oxidase complex provided further support forCoeing
early stopped-flow measurements pointed toward heanel the initial acceptor of electrons from cytochromg12).
not Cu! being the initial electron acceptor from cytochrome The postulated rate constant for electron transfer between
¢, the transient kinetic measurements suggested the oppositegytochromec and Cu was greater than % 10* s™*. A
For instance, the reduction of cytochromexidase by the  Similar value (6x 10¢ s*) was recently obtained using laser-
1-methylnicotinamide (MNA) radical generated by pulse induced electron injection from Ru-modified cytochrome
radiolysis indicated that Guwas the initial acceptor of  (9).
electrons from cytochrome(4). The apparent rate constant Recent studies have used photoexcitation of thiouredopy-

for electron transfer from Guto hemea was found to be renetrisulfonate (TUPS), covalently linked to lysine residues
on cytochrome, to initiate electron transfed, 14). In the

work reported here, we used photoexcitation of TUPS
covalently attached to cysteine 102 of yeast iso-1-cytochrome
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MATERIALS AND METHODS A

Cytochromec oxidase was isolated from bovine hearts 0021 002
according to the method of Yoshikawa et dl5); The final 000 L 0.00
precipitate was dissolved in 0.1 M sodium phosphate buffer
(pH 7.4) and dialyzed overnight against the same buffer. The g 0021 -0.02
TUPS-cystamine and TUPS(Cys16230-1-cytochromec 8
derivative were prepared as described previoudl®).( g
Briefly, the 1-isothiocyanatopyrene-3,6,8-trisulfonate was < 02l 0.02
incubated with cystamine to form TUPS-cystamine. Follow-
ing separation of TUPS-cystamine from unbound cystamine 0.00 1 0.00
using a Sephadex G-25 gel filtration column, the yeast iso- e
1-cytochromec was reduced and incubated with TUPS- oozl , | 08-5ms 002
CyStamine in 150 mM HEPES (pH 85) and 0.2 M KCl for 350 400 450 500 550 350 400 450 500 550
4 h at 25°C, and subsequently passed through a Sephadex Wavelength (nm) Wavelength (nm)
G-25 column to remove salts and unbound TUPS-cystamine. S
The fractions that eluted in the void volume were collected B 004 | a & b 4 004
and loaded onto a CM-Sephadex column to separate the %Mt
unlabeled cytochrome from TUPS-labeled cytochrome 0.02 L 1w o o
The TUPS-cytochromec fraction was eluted by a linear O
to 0.5 M KCI gradient and appeared at 10160 mM KCI. 8 000 1 1 000
Titration of this fraction with 5,5dithiobis(2-nitrobenzoic § [0tk T 20-100ps 1
acid) indicated no free SH groups in the protein, confirming 2 0031 ' 0.03
that the dye is linked to cytochroneevia its cysteine residues 3 00zl L. ‘ 0.02
(16). The unlabeled cytochromeeluted at 300 mM KCI. ’ 1 '
The TUPS-cytochromec complex was concentrated by 0.01 0.01
lyophilization, and the lyophilized sample was dissolved in 000 L 0.00
a small volume of water, passed through a Sephadex G-25
column, and stored at20 °C. HPLC analysis showed a 500 550 600 650 500 550 600 680
single elution peak when monitored at either 550 or 373 nm. Wavelength (nm) Wavelength (nm)

ra of this fraction confirmed the presen f the TUP
Spectra of this fraction co ed the presence of the TUPS Ficure 1: Time-resolved difference spectra (post- minus prepho-

cytochromec complex. NO other species eluted at other times tolysis) in the Soret (A) and visible regions (B) collected during
when analyzed at various wavelengths, and we concludedintramolecular electron transfer in the TUP/tochromec/cyto-
that the TUPS cytochromec preparation is pure, with no  chromec oxidase complex. The spectra represent 20 delay times
free TUPS present. The same results were obtained for afollowing photoexcitation of TUPS. Three time points, spaced

fresh sample and a sample that had been incubated for 30 fogarithmically, were recorded per decade. Each spectrum is an
at 25°C average of 1632 accumulations. The arrows indicate the direction

) ) ) of the spectral changes with time. The TURStochromec/cy-
The cytochrome oxidase concentration, which equals half tochromec oxidase complex concentrations were 7 and:RDin

the heme A concentration, was determined Spectrophoto_the Soret and visible regions, respectively. The buffer was 10 mM
metrically using extinction coefficients of 159.2 micm™t HEPES (pH 7.5), and the temperature was’e5
at 420 nm and 17 mM cm™! at 598 nm for the fully

oxidized enzyme and 212.8 m¥cm* at 444 nm and 39.8 direct photoreduction of the oxidase by the 355 nm laser
mM-1 et at 604 nm for.the reduced enzyn@ (5) ' pulse. The probe source was a pulsed xenon flash lamp, and

. appropriate filters restricted the probe beam to the spectral
C/én:gi?ggcg2;%|§gg%2rt;a:‘es;ev(/;;ﬁuigsﬁpf{échgrlfor\?ﬁn region of interest. Each spectrum (one time point) was an
Ias)ér excitation of TUPS b pa Nd:YAG Iase% (355 nm, 7 r?s average qf 1632 single spectra. Three time points, spaced

. - y N . ’ logarithmically, were recorded per decade. The measure-
duration). Ten milliliters of an equimolar mixture of TURS

. . ments were carried out at 2%.
cytochromec complex and cytochromeoxidase in 10 mM

The time-resolved difference spectra were analyzed at all
HEPES (pH 7.5) or 10 mM MES (pH 6.0) was deoxygenated . .
with Ar f(cE)r le) min. followed bg/pthe aZjdition of glgcose wavelengths and times simultaneously by SVD and global

oxidase, catalase, and glucose (final concentrations of 250exp0nentlal fitting as previously describeti7{-19). The

. reducedV matrix was fitted with a sum of exponentials,
/: gs{?(;tall (c))ﬁ %grl; a{;gégg'\o/k/;?%?f?g;lsr?getosferzg;e (?)rc]))ét- which yieldgd the apparent (observed) rate constants and the
minus prephotolysis) were collected in both the visible and corresponding spectral changésspectra).
Soret regions at 20 time points between 100 ns and 200 MSRESULTS
after photolysis of the TUPScytochromec/cytochromec
oxidase complex. Between recording of individual spectra  Spectral Changes during Intramolecular Electron Trans-
at a certain time delay, the solution in a 20 mL Erlenmeyer fer. Figure 1 shows the time-resolved difference spectra
flask was circulated into the cuvette (10 mm2 mm x 4 (post- minus prephotolysis) in the Soret and visible regions
mm, Iwh) using a peristaltic pump. The spectral changes wereafter photoexcitation of the TUPSytochromec/cytochrome
probed along the 10 mm path 9@ the laser photolyzing ¢ oxidase with a 355 nm laser pulse. The difference spectra
beam. The laser power was limited to 6 mJ/pulse to minimize can be interpreted in terms of absorbance changes of the
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4 Different Fates of TUPS*It is safe to assume that the
x10 —— TUPS*-TUPS

6 s f\ ------ TUPSox - TUPS
O 2+ 3+
“ ' — T cytc -cytc

reduction of cytochrome results from electron transfer from
the excited triplet of the dye. In the experiments reported
here, laser photolysis convertedl3—15% of TUPS to the
triplet state at a laser power of 6 mJ/pulse. Higher-energy
laser pulses resulted in significant direct photoreduction of
the cytochrome oxidase. A fraction of TUPS* returned to
the ground state on a microsecond time scale, presumably
through quenching. This is reflected by the partial disap-
pearance of the negative trough-a870 nm (Figure 1A,
panel b), which indicates the recovery of the reduced dye
from its triplet state parallel with the reduction of cytochrome

- A N RN SO N E C.

® 550 400 as0 500 550 600 650 700 In addition, our mechanistic analysis indicated an ad-
ditional fraction of TUPS* not involved in electron transfer

) . . . ) to cytochromec. This fraction is not due to a contaminant,
Ficure 2: Transient difference spectra of the triplet TUPS minus . .
the ground-state TUPS, the transient oxidized TUPS minus the since HPLC and SpeCt_raI analysis ShOW_S that the TUPS
ground-state TUPS, and the ground-state reduced-minus-oxidizedcytochromec complex is pure and contains no spectrally
difference spectra of henae cytochromee, and Cu. The difference detectable contaminants, such as free TUPS. The fraction
spectrum of Cy is from T. thermophilus(20). The difference  of TUPS* not involved in electron transfer to cytochrome

spectrum of heme, without the interference from Gy was : : : _
obtained by subtracting the spectrum of the mixed-valence CO was also observed in experiments with the TGRSO

Wavelength (nm)

complex and the reduced-minus-oxidized spectrum of €am chromec complex in the absence of cytochromexidase,

the spectrum of the fully reduced CO-inhibited enzyme. and it decayed on a time scale similar to that observed in
the presence of cytochrors@xidase (not shown). Therefore,

dye, the hemes of cytochronceand cytochrome oxidase, it does not appear that the interaction between the TUPS

and Cuy of cytochromec oxidase. Figure 2 shows five dif-  cytochromec complex and cytochromeoxidase is perturb-
ference spectra: the transient triplet TUPS (TUPS*) and the ing the TUPS-cytochromec complex. We have also shown
transient oxidized TUPS (TURS versus the ground state that the apparent rate of cytochromeeduction and the
spectrum of the TUPS and the steady-state reduced-minusapparent rate of cytochrome reoxidation and heme
oxidized difference spectra of cytochrornghemea, and reduction are independent of the concentrations of cyto-
Cua. The difference spectrum of Guis from Thermus chromec and cytochrome oxidase 16). This is consistent
thermophilus(20). The difference spectrum of hene with an intramolecular, and not a bimolecular, reaction
without interference from Gy was obtained by subtracting between TUPS* and cytochroneer cytochromee oxidase,
the spectrum of the mixed-valence CO complex and the providing further evidence that free TUPS is absent.
reduced-minus-oxidized spectrum of £fwom the spectrum It is possible that a fraction of the TUPS binds nonspe-
of the fully reduced CO-inhibited enzyme. The difference cifically to the cytochromec and that this complex is not
spectra of TUPS* and TURGboth have a trough of the electron transfer active. Repeated experiments have shown
same amplitude at370 nm, which is due to the photolyzed that this fraction does not interfere with analysis of the
TUPS, while TUPS, has a significantly larger absorbance electron transfer from TUPS* to cytochromebecause the
at ~445 nm. decay of this fraction involves a separate parallel pathway.
Qualitatively, the time-resolved difference spectra indicate Thus in essence, the data can be analyzed bypavallel
that cytochromec becomes reduced in the first 56 as sequential pathways, one involving electron transfer from
shown by an absorbance increase at 550 nm (Figure 1B, TUPS* to cytochromes and subsequently to cytochroroe
panel b). Subsequent oxidation of cytochromeccurs on oxidase and a second one involving TUPS* not participating
the same apparent time scale as the reduction of leeme in electron transfer to cytochronte In the kinetic analysis
(Figure 1B, panel c). On a millisecond time scale, henege discussed below, the spectral contribution due to TUPS* not
reoxidized, which is reflected by a decrease in absorbanceinvolved in electron transfer to cytochrone has been
at 605 nm. A comparison of Figures 1 and 2 shows that the subtracted from the experimental data.
triplet state is formed faster than 100 ns after photolysis, The time-resolved difference spectra were analyzed by
prior to any intramolecular electron transfer (Figure 1, panels SVD and global exponential fitting in both the visible and
a). This is in agreement with previous findinds). A small Soret regions. We have previously used this approach to
increase in absorbance at 605 nm resulting from direct extract spectra of intermediates involved in the reduction of
reduction of the cytochrome oxidase by the laser pulse dioxygen to water, and these spectra were in excellent agree-
was subtracted from the data. ment with model spectra of the proposed intermediat8s (
We also attempted to determine the contribution of Cu The data reported here can be fitted with three exponentials,
to the overall absorbance changes by monitoring the kineticswith apparent lifetimes of 2% 5 us, 116+ 15 us, and 24
at 830 nm, where the contribution of the £is maximal 4+ 8 msin the Soret region and 305 us, 115+ 15us, and
and the contribution from the hemes is minimal. However, 32 + 8 ms in the visible region. The correction procedure
the significant absorbance of the dye at this wavelength, discussed above had no effect on the apparent lifetimes. The
combined with the low extinction coefficient of ¢t 830 spectral changes associated with the apparent lifetilmes (
nm, made it impossible to extract meaningful spectral spectra) and the residuals from the three-exponential fit are
information at this wavelength. shown in Figure 3 for the Soret and visible regions.
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Ficure 3: Spectral changed{spectra) from a three-exponential

fit of the time-resolved Soret and visible data (referenced vs the
ground state) and the residuals. The apparent lifetimes wens 23
for by, 116us for by, and 24 ms folb; in the Soret region. In the
visible region, the apparent lifetimes were @9for by, 115us for

b,, and 32 ms forbs. The residuals represent the absorbance
difference of the data and the least-squares fit at each delay time.
The delay times decrease from top to bottom. The residuals are
separated by a constant value for clarity.

Qualitative information can be gained from thespectra.
The first b-spectrum ;) with a trough at 550 nm reflects
the reduction of cytochrome while the seconth-spectrum

(b2) with a peak at 550 nm and a large trough at 604 nm
represents the oxidation of cytochrormend reduction of
hemea. The peak at~604 nm in the thirdo-spectrum Ifs)
reflects the oxidation of hema and return to the ground
state. The non-zero time-independent specthgmwhich

Biochemistry, Vol. 40, No. 7, 20012189

Scheme 1: Proposed Mechanism for Intramolecular
Electron Transfer in the CytochronowéCytochromec
Oxidase Complex

1

4

a2The dashed arrows account for the slowly recovering portion of
reduced heme.

Moreover, since the data collection ends at 200 ms, the
longest lifetime is highly uncertain and the underlying

physical process is obscure. In view of this, our kinetic

analysis was based on the three-exponential fit.

The SVD and global exponential fitting provide informa-
tion about the minimum number of processes that are present,
the apparent lifetimes, and the respectivepectra {7—19).
Theb-spectra do not represent the true difference spectra of
the intermediates present unless the pathway is unidirectional
and the apparent lifetimes are at least an order of magnitude
apart. In general, thb-spectra are linear combinations of
intermediates, which is a complex function of the mechanism
of the reaction. For a unidirectional pathway, the apparent
lifetimes would equal the microscopic rate constants.

Kinetic Mechanism and Spectra of Intermediatés
reaction mechanism responsible for the observed spectral
changes and the apparent lifetimes should start with a
branching step to account for both the electron transfer from
the triplet to cytochrome and the quenching of the triplet.

It also needs to represent subsequent electron transfer to
oxidized hemea, and back from reduced hengeto the
oxidized dye. Scheme 1 shows a mechanism that meets these
requirements. The resulting data set was fitted to this
mechanism, and the microscopic rate constants were adjusted
until (a) the calculated apparent lifetimes were equal to the
experimental lifetimes and (b) the experimentally extracted
difference spectra of the intermediates matched those of the

represents the spectrum extrapolated to infinite time, and theProPosed (model) difference spectra of the intermediates

deviations in the residuals on the late millisecond time scale
indicate that a small fraction of henagbecomes reoxidized

depicted in Scheme 1.
The experimental difference spectra and the respective

on a longer time scale. The possible source of this reduced™odel difference spectra of intermediates2, and 3 are
hemea could be a small amount of reducing agent, which shown in Figure 4. The model spectra are a linear combina-

would reduce the oxidized TUPS, thus maintaining heme

tion of the difference spectra of hemagcytochromec and

in its reduced state, analogous to what is observed in the RuCUs, TUPS*, and TUP§ shown in Figure 2. The excellent

experiments using sacrificial electron donors ).

When the data were fitted with four apparent lifetimes,
with an additional apparent lifetime of 188 40 ms, the
residuals in the late millisecond region improved and
spectrumb, exhibited no spectral features. However, the
spectral changesh{spectra) associated with the two mil-
lisecond processes, although significantly different in am-
plitude, had similar shapes that are characteristic of the
reduced-minus-oxidized difference spectrum of heme

agreement between the experimental and model difference
spectra strongly supports the proposed mechanism. The
concentratiorrtime profiles of all the intermediates are
shown in Figure 5 for both the visible (dotted line) and Soret
(solid line) regions.

DISCUSSION

The results reported here show that,Cs the initial
acceptor of electrons from cytochrorogin agreement with
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Ficure 4: Comparison of the experimental and model difference spectra of intermedja?esnd 3 in the proposed kinetic scheme
(Scheme 1). The spectra were referenced to the prephotolysis-Fty&hromec/cytochromec oxidase complex. Panels-B represent

the difference spectra of intermediate2 (2a and 2b), and3, respectively. The experimental difference spectra were determined on the
basis of the mechanism and the microscopic rate constants in Scheme 1. The model spectra are a linear combination of the difference
spectra of hema@, cytochromec and Cuy, TUPS*, and TUP§& shown in Figure 2.

2aand?2b, but the equilibrium constant can be determined.
To obtain a good correspondence between the experimental
and the model intermediate spectra, we need to incluge 60
80% of intermediate2a and 26-40% of intermediate2b.

This indicates that the electron transfer between cytochrome
c and Cu is back-shifted toward the reduced cytochroene
(intermediate2a).

It should be noted that the spectrum of Qused in our
y , analysis is fromT. thermophilug20). We have previously
02 7. used the Cu spectrum fromThermusto extract the UV-
P visible spectra of intermediates present during the reduction
0.0 | e - s = of dioxygen to water19). In these experiments, there was
L ' ' bl L L a good correspondence between the experimental and model
107 10% 10% 10 10% 107107 spectra in the Guspectral region (486550 nm). When the
Time (sec) Cua spectrum was omitted from the analysis, a significant
Ficure 5: Time-dependent intermediate concentration profiles deviation between the experimental and model spectra in the
normalized to the photolyzed dye. The profiles are based on the 480-550 nm region was observed§). Thus, the Cu
mechanism and microscopic rat constants in Scheme 1. spectrum froni. thermophilusppears to be a useful model
for that of bovine Cw. However, because the £absorbance

previous studies on intramolecular electron transfer in the iS relatively small in the 488550 nm region (Figure 2), our
oxidized enzyme4, 6, 7, 9), the cytochrome/cytochrome ~ Modelin Scheme 1 would not be sensitive to small variations
c oxidase complex using flow-flashl?), and the three-  Detween the bovine anfl. thermophilusspectra. It should

electron-reduced CO-inhibited enzyme using the perturbation P& emphasized that the conclusion that the electron transfer
method (1). As indicated in Scheme 1, the equilibrium from cytochromec to hemea involves Cu is not based on
between Cw and hemea is heavily shifted in the forward the contribution of Cnlin the 48G-550 nm region, but rather
direction toward the reduction of hema This is in on the amplitudes of the reduced-minus-oxidized cytochrome
agreement with recent results on the oxidized enzyme usingC @nd hemea spectra necessary to fit the data in both the
Ru-modified cytochrome derivatives 9). The good agree-  Visible and Soret regions.
ment between the TUPS results and earlier reports confirms Single-wavelength measurements at 550 and 604 nm in
that TUPS is a useful method for initiating electron transfer our laboratory on the intramolecular electron transfer in the
in cytochrome c oxidase. Moreover, these studies and cytochromec/cytochromec oxidase complex using photo-
experiments carried out using single-wavelength detection excitation of TUPS did not provide direct evidence thaxCu
(16) indicate that the maximum efficiency in terms of the is the initial acceptor of electrons from cytochromieecause
reduced cytochrome produced by a single laser pulse is the amount of reduced Guintermediate2b) could not be
significantly higher than that attained in previous studies easily deducedl). In these experiments, the apparent rate
using Ru-cytochromec derivatives T, 9). constant for the oxidation of cytochromavas found to equal
Electron Transfer between Cytochrome ¢ and,.Cthe that of hemea reduction. Although single-wavelength
use of three apparent lifetimes, including two on a micro- measurements provide accurate time dependence, their
second time scale, does not allow us to resolve intermediatespectral information is limited and complex mechanisms such

soret
------ visible

08

06

Concentration
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as Scheme 1 are not readily derived. In the absence of aof the wide spectral range that was studied, and would not
mechanism, the microscopic rate constants are often mis-have been feasible using single-wavelength measurements.
takenly identified with the observed apparent rates, which We have recently employed a similar approach to determine
is perhaps the biggest drawback of single-wavelength the lower limit of the true rate constant for the electron
measurements. The amplitudes of both the reduced cyto-transfer between hensand Cuy, and the good agreement
chromec and hemea spectra depend on the equilibrium between our values and theoretical values supports the
constant and the apparent lifetimes. The Appendix showsvalidity of this type of analysisZ3).
this complex relationship for a three-intermediate branched Equilibrium Constant for the Electron Transfer between
scheme. Additional steps such as in Scheme 1 would furtherCytochrome ¢ and Gu The equilibrium constant for the
complicate the analysis. electron transfer between g@and cytochrome based on
We were unable to resolve the rate of electron transfer both the Soret and visible regions is 0-2h67. Despite the
from cytochromec to Cu, using three exponentials, presum- uncertainty in the equilibrium constant, it is clear that this
ably because this step is faster than the electron transfer fromreaction is favored in the backward direction, that is, toward
TUPS* to the oxidized heme of cytochroragwhich has a the reduced cytochrome. Previous studies using laser-
forward rate constant of 2:@.5 x 10* s ! (Scheme 1) (see induced electron injection from Ru-modified cytochrome
below). In comparison, a rate constant for electron transfer have suggested that the equilibrium is heavily shifted in the
from the excited-state Ru(ll*) modified at residue 39 to the forward direction toward Gureduction 9). In both our case
heme of cytochrome was reported to be & 10° s* (9). and the Ru-modified cytochromg the redox potential of
The relatively slow rate of electron transfer from TUPS* to the modified cytochrome was the same as for wild-type
the heme of cytochromecompared to the Rucytochrome cytochromec (250-260 mV).
c system most likely reflects a more efficient electron transfer  The difference between the two experiments is that the
pathway from residue 39 to the heme of cytochrantkean Ru system used sacrificial electron donors, aniline and
from Cys102 21, 22). Labeling alternative residues (mutated 3-carboxyl-2,2,5,5-tetramethyl-1-pyrolidinyloxy (3CP), while
to cysteine) closer to the putative cytochroolginding site this was not the case in our studies. In the absence of a
would allow us to increase the rate of electron transfer sacrificial donor, Ru(lll), which is generated upon electron
between TUPS and cytochrora®eyond the rate of electron  transfer from Ru(ll*) to oxidized cytochromg reoxidizes
transfer between cytochronteand Cuy, thus avoiding the  the reduced cytochront returning to the ground state with
rate limitation imposed by the electron transfer from TUPS* a rate constant of X 1(f s™* [see Scheme 1 in Pan et al.
to cytochromec. Different driving forces and reorganiza- (7) and Geren et al.9j]. In the presence of cytochrome
tion energies for the TUPS- and Ru-photoinduced reactionsoxidase, this reoxidation of cytochromaéoy Ru(lll) would
might also contribute to a difference in the electron transfer significantly lower the yield of Cy and hemea being

rates. reduced by cytochrome. To prevent the reoxidation of
The rate constants observed for the return of the triplet cytochromec by Ru(lll), aniline and 3CP were include€)(
back to the ground staté (1) were 2.2x 10* s ™! in the In our case, no sacrificial electron donors are needed because

Soret region and 7.& 10° s in the visible region. The the rate constant for the reoxidation of the reduced cyto-
difference in the two rate constants, which accounts for the chromec by TUPSx (ki) is small. However, in our system
difference in the first apparent lifetime (23 vs 3§), reflects we have oxidized TUPS present, which may affect the
the different amounts of triplet quenched in the two experi- reduction potentials of cytochromeor Cu,, and thereby
ments. The different extent of quenching could also account shift the equilibrium toward the reduced cytochrome

for the difference between our first apparent lifetimes and  Electron Transfer between and Heme aThe electron
that found in the single-wavelength experimentsg$B(16). transfer from Cy to hemea is heavily favored in the
The time dependence of the concentration of the reduceddirection of the reduced hemg& with forward ks) and
cytochromec at 550 nm in the single-wavelength experi- reverse K_3) rate constants of 7.& 10° and 8.6x 1 s?,
ments provides only the apparent rate constant of the firstrespectively, in agreement with previous studigs9j. The
“process” ki + k-1), andnot the true electron transfer rate rate constanks' represents the small fraction of herae
between the triplet and oxidized cytochrom@Appendix). remaining in a reduced state on a long time scale.

We have attempted to estimate the lower limit of the  In conclusion, these studies represent the first use of an
apparent rate constant for electron transfer between cyto-optical multichannel analyzer in detecting time-resolved
chromec and Cuy by including an additional apparent absorption changes during intramolecular electron transfer
lifetime on the microsecond time scale. To obtain good in the electrostatic cytochrome/cytochromec oxidase
correspondence between experimental and model differencecomplex. We have shown that intramolecular electron
spectra, the lower limits of the microscopic rate constants transfer in the cytochrom&cytochromec oxidase complex
for the forward k;) and reversek(,) directions must be 7.5 can be investigated by photoexcitation of TUPS covalently
x 10* and 1.1x 10° s, respectively, giving a lower limit ~ bound to cysteine on cytochronee Our multichannel and
of the apparent rate constant for this step of £.40° s1 single-wavelength measuremenig)(have shown that the
(k2 + k-p). The forward rate constant of 756 10* st is in triplet state of TUPS is generated with high quantum
good agreement with estimated values based on flow-flashefficiency. Using multichannel time-resolved optical spec-

studies of the electrostatic cytochronwécytochrome c troscopy, combined with SVD and global exponential
oxidase complex1(2) and that obtained using Ru-modified fitting, we have extracted the spectra of the intermediates
cytochromec as the source of photoinduced electra®s It involved and the microscopic rate constants of all the

should be emphasized that extracting these two rate constantsteps. We have previously used the same analysis to extract
by incorporating an additional lifetime is possible because the spectra of intermediates involved in the reduction
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of dioxygen to water at different pH4.9, 23). by the following simplified mechanism, which is easier to
Our data confirm previous results that Cis the initial solve and is sufficient for our discussion:

electron acceptor from cytochroraeFurthermore, they show

that the electron transfer between cytochratrand Cuy is Kiz K23

rate-limited by electron transfer from TUPS* to cytochrome A—>B —>C

¢, and that the equilibrium for electron transfer between l“m K32

cytochromec carrying the oxidized TUPS and gis favored D a

in the direction of reduced cytochrongeand oxidized Ch.

Studies aimed at labeling alternative residues (mutated 0 The time dependence of the intermediate concentrations

cysteine) closer to the putative cytochromeinding site to i described by a set of linear first-order differential equa-
circumvent the rate limitation imposed by the electron tjgns:

transfer from TUPS* to cytochrome are underway.
Our multichannel data also allow us to follow the spectral dc/dt = Mc (2)

changes of the dye that occur during electron transfer to ) ) ) o

cytochromec. This adds complexity to the data and the Wherec is the concentration vector ard is the kinetic

proposed model, but at the same time, it allows us to matrix, const_ructed from _the microscopic rates connecting

determine the true rate of cytochromeeduction, providing ~ the intermediates according to

additional support for the proposed mechanism. Moreover,

we were able to detect the TUPS* not involved in electron (ko T kg 0 0 0

transfer to cytochrome, an observation only possible with M = Ki —kos kg2 0 3)
the multichannel detection, SVD, and global exponential 0 kg —Kg 0
fitting approach. Single-wavelength experimerit6) (failed Kig 0 0 0

to elucidate this fraction, because the experiments were

carried out at wavelengths in which the contribution of the The solution to eq 1 can be written in terms of eigenvectors,
dye was small. However, our analysis shows that this fraction Xi, and eigenvaluesl{) of the kinetic matrix,M:

decays by a separate pathway and therefore can be subtracted

from the spectra. c = fX; exp@) (4)
Our studies extend previous investigations of intramo- ] o »
lecular electron transfer in the cytochroreytochromec The constant§ can be determined from the initial conditions.

oxidase complex using Rtcytochromec derivatives and ~ Both the eigenvalues and eigenvectors are obtained by

single-wavelength detectior?,(9). The multiwvavelength ~ Solving the following equation

detection, SVD, and global fitting approach provides infor-

mation about electron transfer rates in the forward direction M —AE)X =0 ()

and allows us to extract in_for_m_a_tion regardi_ng _back rates \ hereE is the identity matrix.

yvhen the_ system relaxes to its |n|t|a_ll state, which is generally The apparent rate constantsare the eigenvalues of the

ignored in single-wavelength studies. kinetic matrix with the sign reversed, and the eigenvectors

represent the composition of the so-calledpectra. The

apparent rates for the kinetic mechanism in eq 1 are as
Relationship between Kinetic Parameters and the Time follows:

Dependence of Intermediate ConcentratioReduced cy-

APPENDIX

tochromec has a characteristic absorption maximum at 550 oy = (kip T Kyy)  spectrumb, (X;)
nm, and this wavelength is often used to monitor the _

oxidation of cytochromec. The time dependence of the o, = (kg +ksp) - spectrumb, (X))
concentration of the reduced form is typically obtained by a; =0 spectrumb, (X;)

subtracting absorption changes at a reference wavelength

from the absorption changes recorded at 550 nm. Although The compositions of the-spectra are given by the scaled

the time-dependent concentration profiles of the single- eigenvectors. The scaling is done by matching the initial
wavelength experiments are generally very accurate, theconditions; that is, the sum of the eigenvectors should
exponential fits to these traces can be difficult to interpret. produce the concentration vector at time zero.

The direct assignment of true electron transfer rates to

exponentials is an oversimplification of the kinetic problem Co
and can lead to incorrect conclusions. The direct assignment 0
is valid for only a limited number of kinetic schemes, Zfixi = Xiime=0 = 0 (6)
such as a unidirectional sequential model, but is not 0

valid for the branched mechanism shown in Scheme 1. To ) ) o
illustrate the complexity of the kinetic analysis, we show _ 1he €xpressions for the eigenvectors can be simplified by
below the analytical solution to a simplified branched kinetic introducing the equilibrium constark, and the branching
scheme. ratio, R:

The mechanism in Scheme 1 includes a brardghatd k k
k_4), in addition to reversible steps, and therefore cannot be K=2 R=— 2
easily solved analytically. However, it can be approximated Kap (kyo t kya)
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The eigenvectors arranged in a matrix are shown below. EachREFERENCES

column represents an eigenvector, lBspectrum, corre-
sponding to an apparent rate, with four components that are

the contributions of intermediates, B, C, and D to the
b-spectrum.

X11=GCo X, =0 X;3=0
1+ K)oy, —a, Ko, 1
=—— -1 2 =— 1 R =T R
T T T gm0 P 2T I K — ) 0 BT IR
_ Ko, R _ Ko, K
ST R0 - T T LK@, ) BT I RN
X =—(1 = R)G X32=0 X3=(1— R

Each row in the eigenvector matrix corresponds to an
intermediate, and contains the amplitudes of the exponential
forms that describe the time dependence of the intermediate

concentration.
Ca = Co& ™
Cp = Xp1€ M4 X8 ' + Xoq
Co = X318 '+ X3 % + Xy 7)

— —out
Co = %1€ "+ X3

IntermediateB represents cytochromein Scheme 1. The
single-wavelength recording at 550 nm should be described
by the time-dependent concentratiog, of this intermediate.

It is clear that the rise of the cytochrongesignal is faster
than the true electron transfer rate, which can only be
obtained if the branching ratio is known from additional
spectral information. Equation 7 shows that the time-
dependent concentrationg, is a complex function of the

equilibrium constantK, the branching ratioR, and the

apparent lifetimespy and a,, and therefore is not easily

deduced from single-wavelength measurements.

Because of the spectral overlap between TUPS, cyto-
chromec, and heme, it is difficult to find spectral regions
where individual intermediate forms can be recorded sepa-
rately, which is the ultimate goal in single-wavelength
experiments. This limitation can be overcome by multi-
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