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ABSTRACT. The single-turnover kinetics of the oxidation of cytochroae by O, have been studied

using a new approach. Up to 1000 whole spectra covering both the Soretragibns were sequentially
collected at room temperature from single samples with a time resolution @§.1Q\ll of the spectral

and time information were used in analyses based on singular value decomposition. Four spectral transitions
(i.e., intermediates) were distinguished with time constants near 0.01, 0.1, 1.1, and 30 ms. Two different
kinds of sequential models were evaluated, one linear and the other branched. Although past kinetic
analyses have emphasized the linear sequential model, the complexity of the intramolecular electron transfer
in this enzyme suggests that a branched model be considered. This is especially true in a single-turnover
experiment where earlier optical and EPR studies have pointed unequivocally to a branched model [Clore
et al. (1980)Biochem. J. 185139-154; Blair et al. (1985). Am. Chem. Soc. 107389-7399]. In the

present study, analysis of spectral data in terms of the linear model did not reveal the formation and
decay of the expected oxyferryl intermediate, whereas analysis of the branched model did. The results
obtained using the branched model are consistent with all of the available evidence from a broad range
of physical techniques that have been applied to examine the single-turnover kinetics of the oxidation of
reduced cytochromaaz by Os.

The introduction of the flow-flash technique by Gibson The deconvoluted spectral and kinetic data obtained from
and Greenwood in 1963 made possible the study of the rapidSVD were analyzed in terms of two different reaction
reactions of reduced cytochrongeoxidase with molecular  models. We began with a linear series of sequential
oxygen at room temperature. In 1975, Chance and co-intermediates. Subsequently, a branched pathway was
workers (1975a,b) introduced cryogenic techniques for considered for the transfer of the third and fourth electrons
slowing the kinetics of the reaction so that rapid measure- to the bound oxygen intermediates. These two analyses led
ments were not required. Both of these techniques stimulatedto very different conclusions for the reaction mechanisms
considerable activity in various laboratories to try to under- of O, reduction. The linear sequential model yielded no
stand the specific pathways and kinetics of the reaction soclear-cut evidence for the current view that an oxyferryl
that a dependable model for the energy-transducing functioncomponent is a major intermediate in the pathway for the
of the enzyme could be formulated. Unfortunately, even oxidation of fully reduced cytochromaas by O. In
after the 3 decades that followed the original breakthrough addition, all of the intermediates showed spectra for weakly
by Gibson and Greenwood, there is still no consensus onor unliganded hemas.

the detailed steps in the overall reaction sequence. In this The presence of the oxyferryl state has been supported
paper, we introduce a new approach to resolve the compli-y,, 1,5y janoratories using a variety of physical techniques,

cated and overlapping combination of spectral changes thatprincipally resonance Raman scattering and electron para-

occur during the complete reaption. Specifically, we are able magnetic resonance (Chance et al., 1975b; Wiks{rt981,
to collect up to 1000 sequential complete spectra that COVer1939- Orii. 1988: Babcock & Wikstrm. 1992: Blair et al

both the Soret and absorbance regions of cytochroma; 1985; Han et al., 1990; Varotsis et al., 1993). One very

and to achieve a time resolution of 18. The entire time serious experimental obstacle that could be responsible for

Z?eﬂirr:fia'; fl?enso:‘lg)?ia%?] t&ilm?amgc!%tsvsﬁp;i r::gg rg:;?l 2” the lack of clear support for the presence of the oxyferryl
P P b 95: state in the spectral studies is the following. The primary

Fehomgg;sbiri}d(g%rxtolrgngg(;f;gg SEl?r?;,:ra. asti?nflg;es\;']ouswspectral signature for the oxyferryl component is a broad
9. ’ - : ositive peak in absorbance in the 5/B0 nm region of
All of the accumulated spectral data are used in the analyse . ; . '

he oxidized minus reduced absorption spectrum (Witt &

by singular value decomposition (SVD). Chan, 1987; Vygodina & Konstantinov, 1988). There are
two unfortunate aspects of the experimental material under

;Nat_io_nal Heart, Lung, and Blood Institute. study. (1) The oxidized minus reduced absorption spectrum
H821;%?&;1rgzm?éjgr%ﬁﬁ:l%h and Technology. for cytochromea also displays a broad positive peak in
O National Center for Research %gsources' absorbance in the 5#580 nm region (reviewed in the

® Abstract published iMdvance ACS Abstract&ebruary 1, 1997. Discussion section of this paper). (2) The magnitude of the
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expected oxyferryl absorption may not be large enough to their direct transfer to the syringes of the stopped-flow
relative to that of the cytochroma center to stand out, device, as described below.
especially since the time constants for the oxidation of Optics and Laser The monitor light source was a 400
cytochromea and the suspected formation of the oxyferryl W xenon arc lamp (Model 66083, Oriel Corp., Stratford, CT).
intermediate are the same or very close to each other [thisThe light was collected using an f1.5 condenser and passed
paper and Sucheta and Einargotd1996)]. through a water filter to remove heat. The collimated light
The evidence for a branched model for electron flow from Was passed through two fast-acting shutters: an electro-
fully reduced cytochromeias to O, comes from electron ~ Mechanical shutter (Uniblitz Model V35S2, Vincent Associ-
paramagnetic resonance and optical spectroscopy studies ates, Rochester, NY) and a liquid-crystal shutter (Model
low temperature (Clore et al., 1980; Blair et al., 1985). Witt LV100AC, Displaytech, Inc., Boulder, CO) controlled by a
and Chan (1987) identified one of the 3-electron-reduced Model DR50 FLC driver (Displaytech, Inc.). The monitor
O; intermediates as an oxyferryl compound and the other aslight was subsequently focused on the proximal end of an
a ferrous Fg&/cupric Cw hydroperoxide_ We ana|yzed the optlcal fiber (General Fiber Optics, Cedar Grove, NJ) which
collected kinetic and spectral data in terms of the proposed conducted the light into the stopped-flow apparatus (optical
branched model and found that when the difference spectrumPath length 0.5 cm). The optical fiber was configured at
for the 90us component was considered in terms of the two the distal end (i.e., entry into the stopped-flow cell) into a
intermediates postulated in the branched model rather thansquare array (2< 2 mm) to match the geometry of the
the single intermediate of the linear sequential model, there stopped-flow cell. The transmitted light was collected with
was an enhancement in positive absorbance in the-580 a second similarly matched optical fiber which was bifurcated
nm absorbance region for one of the branched intermediates?t the distal end into two 3.2 0.5 mm rectangular patterns
relative to that obtained in the corresponding difference Which conformed with the entrance slits of the high-speed
spectrum for the linear sequential model. Furthermore, the Optical multichannel analyzer monochromators.
difference spectra for the other transitions corresponded to The photolysis laser was the second harmonic of a pulse
those predicted by the branched model. Because of theNd:YAG (Model Surelite-10, Continuum, Santa Clara, CA)
compatibility of the results of the analysis based on the Which produced 150 mJ, 5 ns wide pulses at 532 nm with a
branched model with the vast amount of work which supports repetition frequency of approximately 10 Hz. The synchro-
the presence of the oxyferryl intermediate as opposed to thenization electronics associated with the data collection

lack of clear support using the linear sequential model, we Selected a single photolysis pulse from the repetitive pulse
believe the branched model is more likely to be correct. ~ train. The laser flash was focused on the sample observation

chamber in a direction perpendicular to the monitoring light
EXPERIMENTS AND COMPUTATIONS path. A 530 nm holographic notch filter (HNF-532-1.0,
Kaiser Optical Systems, Inc., Ann Arbor, MI) was used to

General Cytochromeaas was isolated from beef heart  prevent scattered actinic light from entering the monochro-
by the method of Yoshikawa et al. (1977) as described in mator. To reduce further any complications due to scattered
Pardhasaradhi et al. (1991). The turnover number determinedgctinic light, the wavelength range from 516 to 550 nm was
both spectrophotometrically by cytochrormexidation and not included in the analyses.
polarographically by @uptake was 20073 at pH 6.0 and Experimental Protocol Nitrogen gas (99.995%) was
40-50 st at pH 7.4, values comparable to other preparations passed through one of the attached, empty reservoir bottles
tested under the same conditions (Wilms et al., 1980; Crinsonand its sidearm for 20 min to purge the system. Then 2.1
& NiChO”S, 1991; Malatesta et al., 1990; Ishibe et al., 1991; mL of 50 mM potassium phosphate buffer (pH 74) was
Hazzard et al., 1991; Morgan et al., 1989; Sinjorgo et al., introduced into the reservoir bottle through a hypodermic
1986; Wrigglesworth, 1984). Expressed in terms of the units needle in a port at the top, and as was bubbled through
used by Caughey and co-workers (Einarsdottir et al., 1988), the solution until it was anaerobie-@0 min), as indicated
the activity was 25 units 3 mg~/3 mL at pH 6.0 and 10 py the Q electrode. Then 22 or 44L of a stock solution
units st mg~/3 mL at pH 7.4. of cytochromeaa; (0.45 M) was added through the top port

Spectrometer and Stopped-Flow Apparatud brief and mixed with the anaerobic buffer by a rotating magnetic
description of the spectrometer can be found in Hendler etflea. The solution was then flushed with CO (Matheson
al. (1993). A full description will appear separately. The purity) for 3 h in thedark. A tiny crystal of dithionite was
spectrometer can collect up to 1024 sequential spectra withplaced at the bottom opening of a gas-tight, closed Hamilton
a programmable time resolution between spectra from 10syringe which was then attached to the top port. The
us to 21 s. Two spectral ranges of 130 nm each with a anaerobic solution was taken into the syringe and then
spectral resolution of 2.9 nm can be selected and monitoredquickly replaced into the anaerobic bottle. CO flushing was
simultaneously. The stopped-flow apparatus was a Model continued for 30 min. This procedure resulted in the
SF-2001 from KinTek Instruments, University Park, PA. This formation of a completely reduced CO-complexed enzyme
device initiates and stops rapid flow with a high torque as confirmed in a separate experiment using a DW2000
stepping motor drive, rather than by an abrupt impact of spectrophotometer (SLM Instruments, Inc., Urbana, IL). The
pressure on the syringes, and eliminates the need for aenzyme complex was then transferred through the stainless-
stopping syringe. A system of copper tubing, stainless-steelsteel tubing to a syringe of the stopped-flow device. Air-
tubing, gas-tight Hamilton valves, anaerobic bottles, and O equilibrated buffer was placed in the other syringe. The two
electrodes was attached to the apparatus, similar to thatsolutions were mixed in a 1:1 ratio, producing final concen-
described for the Aminco Morrow stopped-flow apparatus trations of close to 2.5 or 5,6M cytochromeaas.
used in our earlier publication (Hendler et al., 1993). This  For each kinetic experiment, a series of counter timers
system was used to prepare anaerobic samplsiu prior were used to control a precise series of events. First, a signal
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was given to initiate the stopped-flow device. A delay of of this section. It is important to stress that there is only
25 ms ensued to allow for the slow 8-bit computer that one fitting process which applies to the testing of both the
controls the device to cycle through its programming linear and branched sequential models. The statistics of the
information. Then a signal was given to open the mechanical fittings and the basis spectra are identical for both models.
shutter. A 15 ms delay was allowed for full opening of the The desired final difference spectra are obtained using
mechanical shutter, but monitor light was prevented from suitable matrices of kinetic constants that are appropriate for
reaching the reaction chamber of the stopped-flow device each of the models, as demonstrated in the supplementary
by the liquid-crystal shutter (LCS). It was important to material.

protect the sample, because the relatively slow opening of The SVD method is able to recognize every change that
the mechanical shutter could have produced a varying amounis taking place in the sample material during the period of
of premature photolysis of the CO-complexed enzyme. The ghservation. This includes processes that may not be part
LCS was opened in 3@s by a signal which came 15 ms  of the sequential process of interest. In the current problem,
after the one which initiated the opening of the mechanical \ye have found two kinetic processes that fall into this
shutter. A Signal to start data collection by aCtiVating the Category_ Cytochromaae is prepared for ana'ysis by
A/D converters was sent at the same time as the one to opelteducing an anaerobic, CO-flushed solution with a tiny
the LCS. One millisecond later, the laser was fired. During crystal of dithionite. The dithionite sets the redox potential
the first 6.07 ms, spectra were taken everyusQo provide  of the solution and is in a stoichiometric excess to the amount
the highest density of information for the initial fast reaction ¢ cytochrome. Therefore, the subsequent air-oxidized
steps. The collection schedule was then decreased to covegnzyme is subject to a comparatively slow re-reduction by
slower reactions that might be occurring. During the next 4 he excess dithionite. The kinetics of this process are mixed
ms (to 10.07 ms), spectra were accumulated every#t0  jith the sequential kinetic process of interest. Because the
Finally, to include possibly very slow conversions, spectra actual amount of dithionite differs in each experiment, the
were taken every 1 ms out to 229 ms. kinetics of the re-reduction process also differ from experi-
Analysis and ComputationsThe basic use of SVD to  ment to experiment. SVD resolves this process, and provides
deconvolute overlapping spectral data that evolve during poth a kinetic constantz(> 75 ms) and the expected
some change in conditions, such as a time course in agifference spectrum. There is an additional extraneous
metabolic sequence, has been previously described (Hendlekinetic process that we have observed from time to time. In
& Shrager, 1994). Briefly, the SVD procedure decomposes experiment 238, this was seen at 2.0 ms, in experiment 274
an input matrix of raw data which consist of columns of at 7.0 ms, not at all in experiment 368, and at 7.9 ms in
composite spectra and rows of kinetic information into three experiment 549. The difference spectrum for this process
submatrices, one containing basis spectra, one containinghas the appearance of a reduction of CO-complexed enzyme.
weighting information in the form of singular values, and In constructing the appropriate difference spectra for

o s e, SeGUenlil vent i bl esed models, e have igored
P the kinetic and spectral information related to the two

f“”dame”t?" kinetic constants and amp!|tudes for the Changesextraneous processes that were separated by the SVD
occurring in each transition. The fitted constants and

amolitudes are then used along with the sinaular values anddeconvolution. If this is not done, the unrelated spectral
P g with 9 information could contaminate the spectra for the transitions
basis spectra to deduce the individual difference spectra

which correspond to each transition that is ocourring. The of interest. The criteria used for accepting a transition as
; P . T 9. relevant to the enzyme kinetic model being tested were the
time constants are the reciprocals of the kinetic constants.

following: (1) consistency in all experiments for the value
T_here are several aspects of the current use of SVD that art the kinetic constant and the resolved difference spectrum,
different from previous applications of the method as

X . : (2) recognition that the difference spectrum showed coor-
described in a recent review (_Hendler_ & Sh_rager, 1994). dinate redox changes consistent with the transfer of electrons
These newer considerations will be briefly discussed here

and presented in detail in supplemental material that is from hemesa anda either to each other or toz0and (3)
P PP the fact that the sum total of absorbance changes attributed
available upon request.

The kinetic t f the diff ¢ ted b to the oxidations of hemesandaz added up to be close to
€ KInetic traces ot the dillerence spectra generated by o 1o changes expected for the amount of cytochrome
SVD whgn fitted to a sum of expon_ennals apply most directly aag present. The kinetic constants and basis spectra for the
to a series of parallel deqays of intermediates. Thergfqre,four transitions that met all of the criteria were then used,
j[he dlﬁergnce spectra obtained may not_correspond to d'St'r.]Ctas described in the supplementary material, to construct the
intermediates which would be present in a linear sequentlaldifference spectra that are displayed in Figures 1, 5, and 6.
model. If the sequential kinetic constants are sufficiently T

different from each other, both the parallel and linear
L . _ RESULTS
sequential difference spectra will be essentially the same,
but in cases where the constants differ by less than 10-fold, Analysis Based on a Linear Sequence of Intermediates

overlapping of adjacent spectra will be obtained (see We depict first the turnover of the oxidase according to the
supplementary material). The difference spectra for a linear sequential series of intermediates below, where the
branched sequence model are expected to be significantlyfully reduced starting speciesfyis converted to the fully
different from those for either the parallel or the linear oxidized species (y) through a series of unique sequential

sequential models. The first step in applying an SVD intermediates of progressively higher state of oxidation.
approach to analyzing data in terms of the linear and

branched sequential models is the same. The accumulated Ky K, K K,
data are deconvoluted by SVD as described in the beginning YiT Yo T Y3 T Ya T Y
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Ficure 2: Actual difference spectra. Each panel in this figure relates

FiGure 1: SVD-deduced difference spectra based on the linear v, the corresponding panel in Figure 1. Whereas in Figure 1 the
sequential model. Each row shows the four kinetic transition gifference spectra and time constants were determined by SVD, in
difference spectra that were resolved by SVD from an averaged s figure actual difference spectra were generated from the raw
set of experimental data. For row 1, 17 experiments were averagedayperimental data. The times used for the difference spectra were
for a total time course of 207 ms. A total of 927 time points were  ¢posen to reveal actual spectral changes taking place in a time frame
employed as follows: 608 time points at 48 per point (6-6.07 which corresponds to the time constant shown in Figure 1. The

ms), 100 points at 4@s per point (to 10.07 ms), and 219 points at  yertical dotted lines in each panel denote the wavelength positions
0.9 ms per point (to 207 ms). The concentration of cytochrome 416 427 and 608 nm.

aag was 2.5uM. For row 2, 33 experiments were averaged for a

total time course of 229 ms. The first 708 time points were spaced ; Py ;
as described above for row 1. The last 219 time points were spaced The different extents of cytochronas; oxidation during

at 1 ms per point. The cytochronags concentration was GM. the kinetic studies displayed in Figures 1 and 2 are shown
For row 3, 28 experiments were averaged. The time course andin Figure 3. Figure 3A shows the fully oxidized minus the
enzyme concentration were the same as for row 2. The number indithionite-reduced difference spectrum for cytochroaase
each panel is the time constant for the transition as determined bygt 5 concentration of M. Figure 3B shows a difference

SVD. Thus, the columns (A, B, C, and D) show the corresponding A
transition for the different averaged experiments. The vertical dotted spectrum for the oxidation 207 ms after the laser flash

lines in each panel denote the wavelength positions 416, 427, angPhotolyzed the CO complex in experiment 238, in which
608 nm. 2.5 uM cytochromeaas was present. Figure 3C,D shows

the extents of oxidation which occurred during 230 ms of
The subscriptedk terms refer to the individual kinetic  cytochrome oxidase oxidation in experiments 274 and 368,
constants for each step. respectively, in which M cytochromeaas was present.
Figure 1 summarizes SVD analyses of 78 separate kineticQuantification of the extent of oxidation during the taking
experiments that consisted of a total of 4.77 million data of kinetic data was performed in two ways, one based on
points. Each experiment had 927 time-resolved spectra,the AA (420-446 nm), and the other on the depth of the
consisting of 66 wavelengths which covered both the Soret trough at 446 nm. Both methods yielded essentially the same
and o. absorptions of heme A. Each row in the figure results, namely, about 117, 70, and 82% for experiments 238,
represents an average of several experiments successivel274, and 368, respectively. An additional experiment
performed on the same day (viz., 17, 33, and 28 for rows 1, consisting of 30 repeats with cytochroma; at 5.0uM (549)
2, and 3, respectively). In all cases, SVD resolved four yielded 92% oxidation. It is clear that the extents of CO-
kinetic steps involving the hemes, with time constants close complexing, CO-photolysis, and cytochroraa; oxidation
t0 0.01, 0.1, 1.1, and 30 ms. The resolved difference spectrawere complete or nearly complete in all cases.
for these transitions obtained with the linear sequential model In Table 1, it is shown (experiments 274, 368, and 549)
are shown in columns A, B, C, and D, respectively. Figure that theAAysfor the first oxidation step accounts fef50%
2 is similar to Figure 1, but instead of SVD-resolved spectra, of the totalAA44s 0bserved in the complete oxidation. These
actual difference spectra are shown for the time ranges thatexperiments include averages of 33, 28, and 30 individual
correspond to the time constants deduced in Figure 1. Theexperiments, respectively, each containingVbcytochrome
SVD-resolved spectra represent the total amount of changeoxidase, whereas experiment 238 was an average of 17
for essentially isolated transitions (Hendler & Shrager, 1994). experiments, each of which contained 2/8 cytochrome
The actual difference spectra are contaminated with overlap-oxidase. The quantification obtained in experiment 238 is
ping spectra from other transitions, they do not represent considered less reliable than that in the experiments which
the total amount of spectral change, and they are noisierhad greater signal and more data. In each of the next two
because they are not derived from all of the collected data. resolved spectra;y25% of the total heme was oxidized. In
Nonetheless, they are useful because they verify the spectrathe Discussion section, it is shown that the spectral changes
transitions deduced by SVD. obtained for the first oxidation step at 28 correspond very
The first transition shown in Figure 1 (column A) with a closely to those expected for the complete oxidation of heme
trough near 446 nm and a peak near 430 nm aneta-0.01 a whereas the two later oxidation steps correspond very
ms is consistent with the formation of an oxygenated heme closely to those expected for the complete oxidation of heme
as complex, as first shown by Chance et al. (1975a,b). The as.
next three transitions can be attributed to the oxidation of Analysis Based on a Branched Sequence Mdgatlier
the reduced heme centers. work by Clore et al. (1980) and Blair et al. (1985) has shown
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0.2 42:0. as R T T T T 8 Table 1: Extents of Heme Oxidation for Each Kinetic Step
_ . Controt (5.0 UM) _ kinetic step exptno. concmBl)  AAugs %R
e e cmcmzo - 71=~0.09 ms 238 25 0.050 38
: : : 274 5.0 0.073 48
368 5.0 0.090 50
-02 549 5.0 0.094 46
7,=~1.1ms 238 25 0.038 29
. . . 274 5.0 0.041 27
o i Exp # 238 (2.5 UM) . B 368 5.0 0.047 26
— NS 549 5.0 0.055 27
. ) 73=~30ms 238 25 0.042 32
: : 274 5.0 0.038 25
- : 1 368 5.0 0.043 24
< o3 : : : 549 5.0 0.055 27
< oo Exp £ 274 (5.0 UM) e total of three steps 238 25 0.130 100 (¥17)
: : ‘ 274 5.0 0.152 100 (70)
- 368 5.0 0.180 100 (82)
549 5.0 0.204 100 (93)
aPercents are based on the toddl46 Observed in the experiment
i as determined from the SVD-deduced difference spectra as illustrated
in Figure 1. The data for expt 549 are presented here and are not
o Exp # 368 (5.0 UM) D | graphed in Figure 1’ Each experiment is an average of separate
" : : : experiments performed sequentially on the same preparation. The
F--tymm === R N el numbers of separate experiments included in the averages were 17,
. . . ) 33, 28, and 30, respectively, for experiments 238, 274, 368, and 549.
-0 ¢The percents shown in parentheses show the percents of the total
: resolvedAAq4s referred to control experiments (cf. Figure 3) in which
) ) ) ) ) ) . ) ) the magnitude of théAAyss for the total oxidation of the reduced enzyme

-0.3

400 450 500 550 600 650 was taken as 100%.
Wavelength (nm) Fé cul| 4o, Fe?t cult | g
Ficure 3: Quantification of extents of enzyme oxidation. Panel A Fe? cul* — Fe 2t —0——0——Cul*
shows a resting oxidized minus dithionite-reduced difference
spectrum for uM cytochromeaas. Panel B shows the difference I l/
spectrum for the last (207 ms) minus the first (0 ms) spectra in the Fe?" cul*
averaged experiment 238 in which 248 cytochromeasas was s
present. Panel C shows the difference spectrum for the last (229 v L T —, Ny
ms) minus the first (0 ms) spectra in the averaged experiment 274 IIB I1A
in which 5.0uM cytochromeaas was present. Panel D shows the Fe cu?* Fel* cul*
difference spectrum for the last (229 ms) minus the first (0 ms) Fo 10" HO=—Cu2* TR I
spectra in the averaged experiment 368 in which/Q:ytochrome L P 2 5
aag was present.
N II1 M

3+ 2+
Fe; Cuy

that the peroxy intermediate can accept a third electron from
either hemea or Cux. This results in a branched pathway Feg Cug’
leading from the 2-electron-reduced species to the fully Fcure 4: Branched sequence model. This model is based on the
reduced product. Witt and Chan (1987) identified the two low-temperature electron paramagnetic resonance and optical
3-electron reduced intermediates as an oxyferryl and a ferrousspectroscopic studies of Clore et al. (1980) and of Chan and co-
heme as, cupric, hydroperoxide. The branched model Workers (Blair etal., 1985; Witt & Chan, 1987).

proposed by Chan and his co-workers (Blair et al., 1985; gjgnificance of this choice in influencing the results will be
Witt & Chan, 1987) is adapted for the present analysis in giscussed at the end of this section.

Figure 4. The kinetic scheme for the model is The first step £ ~ 0.01 ms) in the analysis based on the
branched model is the same as for the linear sequential

kg Kofs ks

Vi — Yo Ys— Y., model, namely, the binding of Oto the fully reduced
molecule (i.e., conversion of Yo y, in the reaction scheme).
K Kot Ky The difference spectra for this step were the same as shown
Yi7™ Yo7 Ya T Ve in Figure 1 and are not reproduced here. In the analysis of

the data in the previous section, it was noted that in the first
Here, the starting fully reduced state)yeaches the fully  resolved kinetic step involving heme oxidation (ie5 90
oxidized state (y) via two pathways, one passing through us) all of the hema and none of the hereg were oxidized.
the partially oxidized intermediate{yand the other passing Therefore, it could not be assigned to the first electron
through the intermediate 4,y The subscriptedk terms transfer step of the reaction sequence shown in Figure 4 (i.e.,
represent the kinetic constants for each step, whigndf, S to I). If this reaction sequence is valid, then the
are the fractions of ygoing through yand y, respectively. intermediate | (compound C) which is trapped in the
As a first attempt in using this model, and in the absence of cryogenic studies is not stable at room temperature, and the
reliable information on the values df and f, at room 90 us transition we have isolated refers to the conversion of
temperature, it will be assumed thigt= f, = 0.5. The the fully reduced oxygen adduct, S, to the two intermediates
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Ficure 5: SVD-deduced difference spectra based on the branched o004y

sequence model. The SVD-derived kinetic constants were used as
described in the supplementary material to obtain these difference o
spectra. The raw data analyzed correspond, row for row, to the
same data described in the legend to Figure 1. The subscripted y

terms refer to the intermediates shown in the branched reaction 002
sequence in the text. Specifically, ig the fully reduced oxygenated

species, y is the fast decaying branch intermediate, iy the 0.008"
corresponding slow decaying branch intermediate, andsthe

fully oxidized cytochromenae. 0.004}

shown as IlIA and IIB in the figure. In terms of the scheme . . . . . . .
above, it is y branching to yand y. The other two isolated 550 570 590 610 630
steps (i.e., 1.1 and 30 ms) would then be associated with
the decays of intermediates IIA and 1IB to Il (i.e,)y We

arbitrarily assign the time constant for decay of 1.1 ms to Ficure 6: Comparison of difference spectra for thei@transitions

. . . obtained using the linear sequential and branched models. The solid
the intermediate yand the time constant for decay of 30 curves show the difference spectra obtained using the linear

ms to the intermediatesy At this point, we do not try to  sequential model for the three sets of averaged kinetic experiments
identify ys or y4 in terms of the discrete structures IIA and illustrated in Figure 1. The dashed curves show difference spectra

IIB shown in Figure 4. This will be done under Discussion. obtained from the same data for the formation of the fast decaying
The difference spectra generated according to this analysiirancﬂ hnterrge?jlate, sy from the intermediate, zy using the
are shown in Figure 5. ranched model.

The rows of spectra depicted in Figure 5 correspond to not seen in experiment 238. As mentioned earlier, experi-
the same data sets described in the same rows of Figure 1ment 238 was performed with less cytochroaaethan was

Wavelength (nm)

The designations §7Y2), (Ya—VY2), (Yo—VY3), and (Y%—VYa) used in the other two cases, and fewer spectra averaged. For
refer to SVD-resolved difference spectra between the fully this reason, as discussed in the quantification analysis above,
reduced oxygenated starting compoupnd(S in Figure 4), more weight is attached to the results obtained with the
each of the two 3-electron-reduced intermediatesind y averaged experiments included in experiments 274 and 368.
(IIB and 1A in Figure 4), and the final oxidized molecule, There is one important consideration in this analysis which

Y. (Ill'in Figure 4). The time constant of 95 is associated  requires some further attention. The branching ratio for the
with both the (y—y») and (y—Y,) difference spectra. The formation of IIA and IIB from S at room temperature is not
1.1 and 30 ms transitions apply to the,{yys) and (Y%—VYa) known. In the absence of this information, a branching ratio
difference spectra, respectively. As expected, these SVD-of 1:1 was assumed. The raw data which we have ac-
derived spectra differ from those depicted earlier in Figure cumulated reflect the true branching ratio, which we will

1 deduced for the linear sequential model. Figure 6 is call X. If in our analysis we assigned the valu¢ @ X/2 to
provided to highlight the critical differences for the analyses this ratio, the difference spectra produced might not cor-
of the 90us transition based on the two models. The solid respond to any reasonable spectra expected from the heme
curves show enlarged portions of the spectra obtained usingchromophores known to be present in the cytochraage

the linear model in the restricted wavelength range of system. In our analyses, we tried ratios of 1:2 and 2:1 in
550-620 nm. The dashed curves show the partial spectraaddition to 1:1. In both the 1:2 and 2:1 cases, bizarre
obtained for the ¥y, transition of the branched model for difference spectra were obtained which had no resemblance
the same restricted wavelength range. This wavelength rangdo any difference spectra seen or expected from cytochrome
was chosen because the presence of the suspected oxyferrgdas. Because of this result and the fact that the 1:1 ratio
intermediate should be revealed by an enhancement ofproduced reasonable spectra which are consistent with the
absorbance in the 5#580 nm range of the difference resonance Raman and EPR analyses of the cytochaagne
spectrum. The first thing to notice is that the difference in system, we believe that the 1:1 distribution is close to the
shapes for the spectra obtained by the linear andactual ratio. If the true ratio at room temperature is
branched models is quite consistent in all cases. However,somewhat different than 1:1, it is most likely weighted more
a distinct enhancement of absorbance in the-55&D nm in the direction of formation of the oxyferryl form (11B),
range, which is clearly seen in experiments 274 and 368, isbased on the results of Blair et al. (1985), who found a 70/
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30 distribution in favor of the oxyferryl intermediate at 181 L L
K. This would result in an underestimation for the contribu- :
tion of the oxyferryl spectral component in the SVD-resolved 2
difference spectrum using a 1:1 branching ratio.

DISCUSSION

The raw data collected at room temperature are contained
in a matrix with~66 rows (representing wavelengths) and
~1000 columns (representing individual time points in the
reaction sequence). In the first phase of analysis, SVD is
used to determine the number of kinetic events and their
characteristic time constants, as well as a basis set of linearly
independent spectral shapes (Hendler & Shrager, 1994). This
deconvolution is independent of any preconceived notion of 20}
a reaction scheme or mechanism. The object of the second
phase is to define the most likely kinetic sequence and to A0
determine difference spectra between successive intermedi- Y :
ates in the scheme. It is in this part where preconceived 200920 280 220 560 B00 840
ideas influence the final result. We have analyzed our SVD- wavelength (mp)
deduced information in terms of two different views of
reaction mechanisms. Most previous kinetic studies have
assumed a linear sequential series of intermediates, and this
is one of the models we have tested. On the other hand,
two laboratories have published a branched chain mechanism <
based on studies conducted at cryogenic temperatures and
using a combination of electron paramagnetic resonance and
optical spectroscopy (Clore et al., 1980; Blair et al., 1985). Ly
We have also analyzed our data in terms of the branched 04 410 450 490 530 570 610 650 690
model. In interpreting both analyses, it is important to keep wavelength (nm)
in mind that spectral data report only on redox states of heme 0.10 . — T T
centers. Unliganded, reduced henseand a; show maxi-
mum Soret absorbances near 446 nm. Whens@®ound 005
to hemeas, these Soret absorbances are blue-shifted to about <
430 nm. Similarly, thex aborbances for reduced, unliganded s 0
hemesa andag, upon Q binding, are blue-shifted frony605 8
to ~595 nm. In the discussion that follows, the terfree
or ligandedhemeas are based on these spectral character-
istics.

Analysis Based on a Linear Sequential Scheriée -0.15 ! Y ! L !
complete SVD analysis has reproducibly generated four 350 400 e 50& 550 600 650
difference spectra. The fastest difference spectrum, produced wavelength (nm)

S P ; ; ; Ficure 7: Isolated difference spectra for cytochrorag(solid
within the limit of our time resolution (column 1 of Figure curves) and cytochrormeg (dashed curves) obtained from different

1), h_as all of the characteristics of the oxyferrous heme laboratories. Top panel: Reduced minus oxidized difference spectra
species, known as compound A from the early work of obtained by Vanneste (1966) using ligands specific for heanes
Chance et al. (1975a,b). The Soret region shows theand a; and algebraic combinations of spectra. Reprinted with

expected shift, from 446 to430 nm, and thet region, from permission of the publisher. Middle panel: Reduced minus oxidized

_ _EO2 : o e =l difference spectra obtained by Nicholls and Wrigglesworth (1988)
608. t_o 293 nm. As an aid to the identification (.)f the using the differences in kinetic reduction of hengeand a; by

remaining three difference spectra, we present Figure 7, githionite. Reprinted with permission of the publisher. Bottom

which shows isolated difference spectra for cytochromes panel: Oxidized minus reduced difference spectra obtained in our
andag, obtained by two different procedures in three different laboratory using the same principle as Nicholls and Wrigglesworth.
laboratories. The top panel shows reduced minus oxidized

spectra obtained by Vanneste (1966), who used a combina-0f both cytochromes and a; are at the same wavelength
tion of ligands which bind to reduced and oxidized cyto- (~445 nm), the oxidized species of cytochromés near
chromea; followed by algebraic addition and subtraction 426 nm and that of cytochromas near 414 nm. The
of spectra. The middle panel shows reduced minus oxidizedmagnitude of the Soret feature for cytochroagg445 minus
spectra isolated by Nicholls and Wrigglesworth (1988), who 414 nm) is somewhat larger than that of cytochran{é45
used the difference in kinetic reactivities of oxidized cyto- minus 426 nm). In thex region, there is a distinct feature
chromesa andag with dithionite. The bottom panel shows for cytochromea near 606 nm and a lesser, but still clear,
oxidized minus reduced spectra obtained in our laboratory feature in the 576590 nm region. Cytochromas; shows
using the same principle as Nicholls and Wrigglesworth. smaller and less distinct features in the 5820 nm region.
From all of these spectra, distinct characteristics for the An examination of the difference spectrum isolated by
difference spectra of the two cytochrome species can beSVD for the species withr ~90 us (column 2 of Figure 1)
discerned. In the Soret region, although the reduced specieshows that it looks very much like the isolated difference

Y
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spectrum for cytochroma (Figure 7). The reduced Soret 1 Cug + O, 1 Cug—0, 1 Cug..
peak at 446 nm is balanced by an oxidized peak-427 g % 587 95—0,
nm. There is a distinatt feature at~606 nm and a clear 1 Cu oot ms 1 Cuf 71 Cu,

“hump” near 580 nm. The feature near 580 nm is at or above J ooe
the zero line just as seen in the spectra for cytochrame o

shown in the panels of Figure 7. The other two difference 2 Cuy—OH 2 Cu—0,
spectra isolated by SVD (columns 3 and 4 in Figure 1) look 2505 *0 3%
much more like the isolated spectra for cytochrame The 1.5 Cu, o mes 1 Cu

reduced Soret peak at 446 nm is compensated by an oxidized H 3
peak near 416 nm. There is less distinction for a feature \1 =30 ms

near 580 nm, and the absorbance near 580 nm is more 2 C
negative than that seen in the spectra in column 2 of Figure 3a, +H,0
1 and for the isolated cytochrongespectra in Figure 7. It g 2

much more closely resembles the difference spectrum for _ ) ) ) ]
cytochromeas (Figure 7). The resemblance of the spectra F'GUF'TElg- Reaction S.Cre”r‘]e Conﬁztem W'éh SVE a“?"ys'slbased .
) | 3 and 4 of Figure 1 o the isolated spectra. for on the linear sequential scheme. The numbers show the valence o
In columns 19 p each redox-active metal center in cytochraame The reduced state
cytochromess, however, is not absolute. Although the shape of the metal center is indicated by the light typeface of the number.
of the a feature resembles that of the feature for The fully oxidized state is indicated by the thick typeface and the
Cytochrom%, its magr‘"tude relative to the Soret feature is pal’tlally reduced state by an intermediate thickness. The time

ot ; constants shown correspond to the ones deduced by SVD and shown
distinctly greater than that seen for the isolated cytochrome in Figure 1 and Table 1. The heavy (solid) and light (dashed) bonds

as. A likely explanation for this difference is thab@ bound  shown as ligands to oxygen are based on the observed difference
to the enzyme in the spectra shown in Figure 1 but not in spectra for hemeas oxidation and the electron paramagnetic

Figure 7. On the basis of the considerations discussed abovetesonance results of Blair et al. (1985), as discussed in the text.
we believe that the difference spectrum with aear 10us
represents the formation of a ferrous heage O, liganded =~ was identified (above) as the oxidation of heaewhich
species, the difference spectrum with zanear 90 us accounts for 50% of the total heme. Therefore, the event
represents the oxidation of hermse and the latter two  With 7 near 0.1 ms appears to be the complete oxidation of
difference spectra represent two stages in the oxidation ofhemea. The next two stepsr(s of ~1.1 and 30 ms) were
hemeas. identified (above) as involving the oxidation of hemeThe
Therefore, this approach has isolated three steps in whichguantification in Table 1 is consistent with two successive
electrons leave cytochrona@s. Using the magnitude of the  electron transfer steps.
change in absorbance at 446 nm as a measure of heme It is expected that the first step in,@duction involves
oxidation and comparing the total amount of this change for a two-electron reduction of the bound,@ a peroxy
the three isolated steps to the total amount of change for theintermediate (Wikstim et al., 1981; Brunori et al., 1988;
complete reduction of cytochronzeg by dithionite, we are Hill et al., 1986). We interpret the first step as involving
able to account essentially for the complete oxidation of the two near-simultaneous events; first, the transfer of two
reduced enzyme (Table 1). electrons from Cgland hemeas to O,; and second, the rapid
The most directly comparable data are those of Orii, who transfer of an electron from henagto hemeas. To account
obtained complete optical spectra at room temperature forfor the apparent two-step reduction of the hemeenter,
both the Soret and absorbance regions (Orii, 1984,1988). we propose (Figure 8) coupled transfers involving the heme
His difference spectra in both regions are virtually identical a and Cu centers. We know of no evidence specifically
to our resolved spectra for the same time domains. Otherlinking these centers, and this explanation is admittedly
published spectra were obtained under cryogenic conditionsspeculative. A very recent paper by Yoshikawa et al. (1994)
(Chance et al., 1975a,b; Clore et al., 1980). There is points to a sharing of electrons among the redox-active metal
agreement in all of these studies that only in the case of thecenters.
earliest (primary) intermediate are the characteristic ab- The scheme presented in Figure 8 is compatible with the
sorbance features for liganded herag seen. All later analysis based on a linear sequential scheme of intermediates.
intermediates show absorbance features more characteristido account for the observation that the difference spectra
of unliganded hemes. This is evident in both the SVD-  for cytochromess resemble the unliganded form, compound
derived spectra and the actual difference spectra and, asA is shown as a side reaction. Alternatively, it may be
discussed above, is in agreement with published spectra fromconsidered that electron passage to bound€urs most
other laboratories. This suggests that the oxygeus readily when the oxygen is bound tightly to £as in the
liganding is stronger than that of oxygeReys. In this peroxy compound described below in connection with the
context, it should be noted that Blair et al. (1985) interpreted branched chain model.
their electron paramagnetic resonance data for the 3-electron- Analysis Based on a Branched Sequential Schefme
reduced peroxy species to indicate that the oxygen is stronglyimportant difference between the linear sequential and the
anchored to the Guand either weakly exchange- or dipolar- branched chain analyses is that only a single difference
coupled to a reduced but intermediate spin ferrous heme.spectrum is obtained for the 9 transition in the former
They estimated that this species accounted for B0% of case, but two are obtained in the latter. Up to this point, we
the bound peroxide. have not tried to identify the intermediates, and y, in
Quantification of the extents of spectral changes at 446 terms of the particular compounds IIA and 1IB, described
nm indicates that-50, ~25, and~25% oxidation occurred, by Chan and his co-workers. Compound IIB is an oxyferryl
respectively, in these three steps (Table 1). The first stepspecies with both copper centers oxidized and heme
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remaining in the reduced state. In compound [IA,G@und T T T T I
hemeas are in the reduced states, while hea@nd Cy are pH=7.5 607
oxidized. In considering the likely difference spectra i

between the starting compound and each of these suspected| 2A__igmvom * 570 il

H LA omMTem!
intermediates, the fact that hera@xidation is expected in feed Jo i1
the formation of IIA but not IIB is important. An additional
consideration is that the formation of the oxyferryl interme-
diate is correlated with the lack of oxidation of herae 580

Oxidized hemea has a prominent Soret absorptiorrat27

nm. The oxyferryl compound is characterized by absorbance
features at~580 and ~530 nm (Witt & Chan, 1987,
Vygodina & Konstantinov, 1988). Difference spectra ob-
tained by Vygodina and Konstantinov upon addition of first
30 uM and then 3 mM HO, to oxidized cytochromeias
liposomes at pH 7.5 are reproduced in the upper panel of . i
Figure 9. The dashed curves are taken as representative of 607
the formation of the peroxy complex and the solid as B
representative of the oxyferryl state. In the bottom panel
are similar difference spectra, except for the facts that the
pH was 8.0, the lower concentration of peroxide wagRD . . | | |
(curves a), and 100M ferricyanide was present before the 400 450 550 600 650
addition of HO,. The dashed curves show the base lines, A, nm

and curve b obtained at 3 mM .8, is interpreted as , | | . , , |
representing the formation of the oxyferryl state. Based on pH= 8.0

all of the considerations stated above and these representative 607
spectra as well as similar observations of Witt and Chan A _ Yo 4
(1987), the difference spectrasfyy,) shown in Figures 5 feeal 570 |

and 6 look like the formation of compound I1IB from the

fully reduced molecule. The relative prominence of the
positive difference near 580 nm in relation to the negative
difference at~607 nm is consistent with the formation of

an oxyferryl species. One of the problems in identifying
the presence of the oxyferryl species is the small extinction
coefficient for the positive absorbance in the near 580 nm
absorbance region and the fact that this absorbance must be
distinguished from the hump in absorbance that is present e —
in the difference spectrum for cytochroradcf. Figure 7). | . | o T | ,
The difference spectra for the formation of the oxyferryl state 55, 400 450 7 500 550 600 650
from the oxidized enzyme (Figure 9, top panel, solid line)

and for the oxidation of reduced cytochroragFigure 7, F . : .

. . ; . FIGURE 9: Isolated difference spectra for formation of peroxy and
bottom panel, solid line) are quite (_:omparable in shape in oxyferryl complexes from cytochromaas by addition of HO,.
the 556-630 nm range. The only difference appears to be These figures are reprinted from the article by Vygodina and
an enhanced positive absorbance near 580 nm relative to théonstantinov (1988) with permission of the publisher. The top panel
trough at~607 nm compared to the cytochromexidation shows the formation of the putative peroxy complex by the addition

. of 30 uM H,0; to oxidized cytochromeas liposomes at pH 7.5
difference spectrum. When the two spectra are pl’esem(dotted lines), and then the formation of the putative oxyferryl state

together, the height at580 nm relative to the trough at py fyrther addition 3 mM HO, to the cuvette (solid lines). The
~607 nm will be a weighted average of the two individual bottom panel shows the formation of the same tw®#induced
spectra. A direct comparison of the spectra obtained for the states at pH 8.0 by the addition of 204 (curve a) and 3 mM

90 us transition using the linear sequential model and the (Curve b) BO to ferricyanide-treated cytochrona, liposomes
(ys—Y») spectra using the branched model (Figure 6) shows ﬁlrt_]g? 8.0. The dashed curves in both panels represent background
that the absorbance spectra for the branched model generally

show an enhancement in absorbance in the-5BD nm difference spectra is compatible with the final formation of
region compared to the linear model. The apparent absencderric hemeas.

of the other characteristic positive difference feature &80 Evaluation of the Two Different Analyses in Terms of
nm is explained by the fact that the region from 516 to 550 Other Published Data Table 2 presents a summary of
nm was blocked out to avoid interference from the ND:YAG kinetic steps that have been resolved in other laboratories in
laser at 532 nm. The difference spectrumy—y,) is studies performed at room temperature. All of the analyses
compatible with the changes in redox states expected for thefrom these laboratories were based on optical absorption,
formation of compound IIA from the fully reduced molecule. utilizing single-wavelength data, except that of Varotsis et
Consistent with these interpretations is the appearance of aal. (1993), who used resonance Raman spectroscopy. As to
negative difference at580 nm in the (y—ys) spectra. This  the identity of the intermediates involved, there is essentially
is expected for the decay of the oxyferryl state. The strong no agreement except for the following two points. The first
positive Soret at~416 nm in both the (y—ys) and (%—Ya) step, prior to actual transfer of electrons tg @ that Q is
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this analysis. The difference spectrum for the/&Q@ransition

Table 2: Time Constants Derived from Room Temperature Studies ’ - A - 7
obtained in the linear sequence analysis (Figure 1) shows a

ref ® 2 3 4 5 6 T " . >

' small positive difference at580 nm on the side of a deep

G'bGSO” & Greggwé’%d (1933)67) 0.03 0.14 125 1 trough at~607 nm. The same difference spectrum has been
reenwoo 1nson . . P
Hill & Greenwood (1984) 003 0.14 195 1 seen by Oru_(1988) and Einarsttio et_ al. (1995) and has
0.05 been cited in favor of the formation of the oxyferryl

Oliveberg et al. (1989) 0.04 0.10 1.25 1 intermediate. We consider this as scant evidence, however,
Varotsis et al. (1993) <003 010 017 083 125 2 pecause essentially the same spectrum is seen in the oxidized
Hill (1994) 0.05 0.13 1.67 1

30 3 minus reduced difference spectrum for cytochromeln

a All data are expressed in time constants it milliseconds, and the linear sequence analysis, this difference spectrum is
they represent electron transfer events in the oxidation of cy'tochrome consistent V\_”th the O_deatlon of hemi_eand formation of
aas heme groups by O The step represented in column 1 is identified  the peroxy mtermed]atef shown in Figure 8. In a recent
as the 2-electron reduction of bound © bound peroxides This step preliminary communication, Sucheta et al. (1996) reported
is identified with the formation of the ferryl form of hene. ¢ This that an SVD analysis (based on a linear sequential model)

step is identified with the decay of the ferryl form of heme © The of spectral, kinetic data obtained during the oxidation of fully
technique for data acquisition and analysis: (1) single-wavelength

absorption data and fitting to sums of exponentials; (2) consideration 'educed cytochromags by O, yielded five time constants:
of time-resolved resonance Raman spectra; (3) singular value decom-1, 15, 30, and 8Q:s and 1.2 ms. They attributed these,
position analysis of multichannel optical absorption data covering both respectively, to a conformational changea@tformation of
the Soret and regions. compound A, oxidation of heme formation of an oxyferryl
intermediate, and the oxidation of herag Except for the
bound to the reduced henag center and that this step is so 1 us process and the attribution of th&0 us process to an
fast that it has not been resolved, except in the studies 0f0xyferry| compound, these results are quite similar to our
Orii (1988), who provide evidence in a difference spectrum |inear sequential analysis reported in this paper and earlier
in the time range of 520 us, and in our studies reported in  (Bose & Hendler, 1995).
this paper. The second step, which is the first involved in
O, reduction, involves two electrons, and results in the
formation of a bound peroxy intermediate. The data in
column 1 of Table 2 represent the step attributed to the
formation of the peroxy intermediate. The agreement on

these two points also applies to the low-temperature swd'es'positive feature at 580 nm is more prominent in relation to

It should be noted that ourfor this step is somewhat larger the negative feature at607 nm than that seen either in the
than previous values. Other studies using optical absorbance

data have implicated a step withraof ~120 us. Varotsis isolated oxidized minus reduced cytochromespectrum

etal. (1993) include’s of ~170 anc~830s, derived flom £, 7 30 B S S e e e specta
resonance Raman studies, which they attribute to the 9 ' ' P

formation and dissipation of the oxyferryl intermediate. All (r)ebstglr?aer?cénRrrlr?ar?ni;)t/:S _ﬁ:g gl\?g-gg;%ag?:; \;vigho;[htie
laboratories, including ours, see a step with elose to 1 ) y

s Our work mplates 2 step i ~30 ms. This  DENhed edclon scheme mechariam s compatble wit
time constant is consistent with the measured turnover of

the enzyme which is close to 40's We find that theAAyse obtained.
represented in this transition is essential in accounting for ~Final Thoughts Although the single-turnover kinetics of
the total oxidation of the cytochronges. Other studies have ~ cytochromeaa; oxidation by Q have been traditionally
not examined this extended time range and have not providedanalyzed in terms of a linear sequence of intermediates, the
quantitative data to account for the total oxidation of the results of our multichannel analysis, based on singular value
enzyme. decomposition, present several unexpected results, the most
There is one major difference in the results of the linear disturbing of which is that no direct support for the existence
sequential and branched chain analyses of the SVD-derivedof a major oxyferryl intermediate was obtained. From this,
data. The linear sequential analysis yielded no clear supportit could be argued that the variety of physical techniques
for a major role of an oxyferryl intermediate whereas the Which have found evidence for such an intermediate suffer
branched chain analysis did. Many laboratories have pro-from their lack of quantification that is needed to firmly
posed an oxyferryl intermediate during the oxidation of establish that an oxyferryl compound is a direct obligatory
reduced cytochromea by O, (Chance et al.,, 1975b; intermediate. On the other hand, from a theoretical consid-
Wikstrom, 1981, 1989; Orii, 1988; Babcock & Wikstmg eration of the possible routes of electron transfer in a
1992; Blair et al., 1985; Witt & Chan, 1987). molecule that offers more than a single possibility and in
In recent years, resonance Raman studies have addedtiew of direct physical evidence for a branched pathway,
strong support to this view (Varotsis et al., 1993; Ogura et the direct linear sequential scheme may be a less appropriate
al., 1990; Han et al., 1990). According to Varotsis et al. model for evaluating the accumulated data. The finding that
(1993), we would expect to see a difference spectrum for the analysis based on the previously suggested branched
the formation of this species with aof ~166 us and a model presents a picture in complete agreement with the
difference spectrum for its disappearance withaf ~833 many cited EPR and resonance Raman studies which have
us. In the linear sequential analysis, we do not see theseimplicated the oxyferryl intermediate adds strong support in
transitions, and we can account for the complete oxidation favor of a branched pathway for the route of electron transfer
of the reduced enzyme in the three transitions isolated by from fully reduced cytochromaa; to O..

this paper 0.09 11

The results of the branched chain analysis are consistent
with the resonance Raman data. In place of the single
difference spectrum for the 20s transition, we obtain two
different spectra for the formation of each of the suspected
3-electron-reduced intermediates. In one of them, the
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Hill, B. C. (1994)J. Biol. Chem. 2692419-2425.

Hill, B. C., & Greenwood, C. (1984Biochem. J. 218913-921.

Hill, B. C., Greenwood, C., & Nicholls, P. (198&)jochim. Biophys.
Acta 853 91—-113.

sequential, linear, and branched reaction pathways. Ofjshibe, N., Lynch, S. R., & Copeland, R. A. (1991)Biol. Chem.
particular importance are the derivations and presentation 266, 23916-23920.

of kinetic matrices used to deduce individual difference
spectra for each kinetic step in both models (6 pages).
Ordering information is available on any current masthead

page.
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