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Summary

The photoreductive trapping of the transient, intermediate acceptor, 17, in
purified reaction centers of Rhodopseudomonas sphaeroides R-26 was investi-
gated for different external conditions. The optical spectrum of I~ was found
to be similar to that reported for other systems by Shuvalov and Klimov
((1976) Biochim. Biophys. Acta 440, 587—599) and Tiede et al. (P.M. Tiede,
R.C. Prince, G.H. Reed and P.L. Dutton (1976) FEBS Lett. 65, 301—304). The
optical changes of I~ showed characteristics of both bacteriopheophytin (e.g.
bleaching at 762, 542 nm and red shift at 400 nm) and bacteriochlorophyll
(bleaching at 802 and 590 nm). Two types of EPR signals of I~ were observed:
one was a narrow singlet at g = 2.0035, AH = 13.5 G, the other a doublet with
a splitting of 60 G centered around g = 2.00, which was only seen after short
illumination times in reaction centers reconstituted with menaquinone. The
optical and EPR kinetics of I” on illumination in the presence of reduced cyto-
chrome ¢ and dithionite strongly support the following threestep scheme in
which the doublet EPR signal is due to the unstable state DI"Q Fe?* and the
singlet EPR signal is due to DI "Q?*Fe?*.

2+ 3¢
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DI(Q Fe?*) 25— DI (Q Fe?*) == DI(Q*"Fe**) “k,-1/r, ~ DI (Q*"Fe?"),
-—

ky=1/1 ky = 1/T9
kg =1/14

where D is the primary donor (BChl);.

Abbreviations: A, primary acceptor; D, primary donor; I, intermediate acceptor; RC, reaction center; Q,
quinone; UQ, ubiquinone; MQ, menaquinone; LDAO, lauryldimethylamine oxide; EPR, electron paramag-
netic resonance.
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The above model was supported by the following observations:

(1) During the first illumination, sigmoidal kinetics of the formation of
I” was observed. This is a direct consequence of the three-sequential reactions.

(2) During the second and subsequent illuminations first-order (exponential)
kinetics were observed for the formation of I". This is due to the dark decay,
k4, to the state DIQ? " Fe?* formed after the first illumination.

(3) Removal of the quinone resulted in first-order kinetics. In this case, only
the first step, k,, is operative.

(4) The observation of the doublet signal in reaction centers containing
menaquinone but not ubiquinone is explained by the longer lifetime of the
doublet species 1 (Q Fe?*) in reaction centers containing menaquinone. The
value of 7, was determined from kinetic measurements to be 0.01 s for ubi-
quinone and 4 s for menaquinone (7 = 20°C).

The temperature and pH dependence of the dark electron transfer reaction
I7(Q Fe?*) » I(Q*"Fe?*) was studied in detail. The activation energy for this
process was found to be 0.42 eV for reaction centers containing ubiquinone
and 0.67 eV for reaction centers with menaquinone. The activation energy and
the doublet splitting were used to calculate the rate of electron transfer from I~
to MQ Fe?* using Hopfield’s theory for thermally activated electron tunneling.
The calculated rate agrees well with the experimentally determined rate which
provides support for electron tunneling as the mechanism for electron transfer
in this reaction. Using the EPR doublet splitting and the activation energy for
electron transfer, the tunneling matrix element was calculated to be 1073 eV.
Frog) this value the distance between I~ and MQ~ was estimated to be 7.5—
10 A.

Introduction

The primary process in bacterial photosynthesis takes place in a membrane
bound bacteriochlorophyll-protein called the reaction center and involves the
photochemical electron transfer from the primary electron donor D (a bacterio-
chlorophyll dimer) to the primary electron acceptor Q@ Fe?* (a quinone-iron
(ferroquinone) complex) resulting in a charge separation stabilized for times of
the order of milliseconds [1,2]. Recent evidence has indicated the involvement
at shorter times of a transient, intermediate acceptor species I, which accepts
the electron from the bacteriochlorophyll dimer and passes it on to the
quinone-iron acceptor. The evidence for this intermediate acceptor comes from
the observation of a short lived transient state (P), first observed by Parson et
al., when the quinone-iron acceptor was reduced [3]. This state was shown by
picosecond spectroscopy [4,5] to be in the primary photochemical pathway of
reaction centers in which the quinone-iron acceptor was not reduced. This
intermediate state, P!, exhibits spectroscopic changes at 1250 nm [6,7] that are
associated with the oxidation of the primary donor D. Thus, P! was identified
as an oxidized donor-reduced acceptor pair [6,7]. Since the presence of the
quinone-iron acceptor was not necessary for the formation of P, an additional,
intermediate acceptor must be present, i.e. P! = D*I". On the basis of optical
spectral studies of model compounds, Fajer et al. proposed that this inter-
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mediate acceptor I is bacteriopheophytin [8]. Further characterization of I was
hampered by the short lifetime of the P*I” state (¢,,, = 10 ns) [9].

Recently, several groups of investigators have reported the trapping of I” in
subchromatophore preparations from Chromatium minutismum [10],
Thiocapsa reseopersicina [10], Chromatium vinosum [11—14], and Rhodo-
pseudomonas viridis [15—19] illuminated at a low redox potential. These
preparations contain a tightly bound fast (of the order of microseconds) react-
ing cytochrome which can transfer an electron to the oxidized donor, thereby
trapping I~ by preventing the recombination of the electron on I~ with the
positive charge on D", i.e.:

cyt2® cyt3*

DI(Q'Fe”)gD‘I-(Q-Fe”) DI-(Q-Fe?*). (1)
Of particular interest was the observation by Tiede et al. of an EPR spectrum
consisting of a narrow EPR signal flanked by two additional lines (doublet)
[11]. The doublet structure was postulated to arise from an interaction
between I” and the reduced acceptor Q@ Fe?* and thus harbors information
about the distance and electron transfer rate between these two species.

Since the reaction center of Rps. sphaeroides R-26 is the most completely
characterized photosynthetic unit, it was of interest to trap and investigate 1~
in that system. Although this preparation contains no cytochrome c, initial
experiments [19] showed that by illuminating reaction centers in the presence
of exogenous cytochrome ¢ and dithionite, changes in optical spectra character-
istic of I" were obtained. However, the doublet EPR signal was not present in
these samples and only a single narrow EPR line was observed. In addition, a
lag in the formation of I was observed during the first illumination of the
sample. This lag disappeared during subsequent illuminations. In order to
explain these findings, the following three-step model was postulated for the
formation of I” * in Rps. sphaeroides reaction centers [19]:

Broad EPR Narrow EPR
g£=1.83 Doublet EPR No EPR 2+ 3+ £=2.0036
2+ 3+ dark cyt cyt

v cy‘\'ﬂt v reaction v \’w/y i

DI(Q"Fe?") —"_, DI-(Q Fe?*) "% DQ> Fe?*) &k, = 1/7; _ DI (Q*> Fe?*) (2)
k,—l/‘rl ko = 1/7y -—

k4 = 1/1'4

where k, (and similarly, k;) involve a two-step trapping process as shown in
Eqn. 1.

The work described in this paper was undertaken to test the threestep
model quantitatively, to determine the rate constants, to understand the origin
of the doublet EPR spectrum, and to find out why no doublet structure was
observed in reaction centers from Rps. sphaeroides. The ultimate goal is to
understand the nature of I and the interactions with its environment.

Materials and Methods
Reaction centers were prepared by treatment with the detergent LDAO
(Onyx Chemical Co.) as described earlier [1]. Since reducing agents are known

* The secondary ubiquinone that is present in reaction centers is assumed to remain fully reduced (i.e.
diamagnetic) in the presence of dithionite and for the sake of simplicity has been omitted from Eqn. 2.
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to react with LDAO, this detergent was replaced by Triton X-100 (Sigma
Chemical Co.) by washing reaction centers bound to a DEAE-cellulose
(Whatman DE52) column with 0.1% Triton X-100, followed by elution with
1M NaCl and dialysis in buffers containing 0.1% Triton (10 mM Tris, pH 8).
Quinone removal and reconstitution with either UQ-10 (Sigma Chemical Co.)
or MQ (vitamin K-1) (Sigma Chemical Co.) were performed as previously
described [20]. The concentration of the reaction centers was determined
optically by using the molar extinction coefficient €®°* = 2.88 - 10° M~! - cm™!
[21].

Optical samples were typically prepared in gas-tight sample cells 1-cm path
length, stoppered with serum caps and purged with argon. In a typical experi-
ment, 1.5 ml reaciion centers (0.1% Triton, 50 mM Tris, pH 8) which con-
tained 0.2 mM cytochrome ¢ (horse heart, Sigma, Type III) were deoxygenated
by repeated evacuation and argon purge cycles. Then, 15 ul of freshly prepared
0.2 M NaS,0, (in 1 M Tris, pH 8) was added.

Optical measurements were made using a CARY 14R spectrometer. Kinetic
measurements were typically made by side illumination using a tungsten
projector lamp and Corning filters CS-2-64, CS-5-56, 3 cm water, to admit
wavelengths 750 nm < A < 950 nm (/ ~ 0.2 W/cm?, measured with a YSI Radi-
ometer). In some cases, a broad band interference filter centered at 850 nm
(Corion No. 50, BB-8500) or unfiltered light was used. Flash kinetics were per-
formed on an instrument described earlier [22]. A camera flash (Norman 2000,
400 W - s7! input energy, 0.3 J/cm? output energy, 1 ms half duration) and
Corning filters CS-2-64 and CS-5-56 were used (A > 750 nm). A silicon diode
detector, United Detector Technology PIN 10D, protected by interference
filters, and a Bausch and Lomb monochromator were used.

The temperature dependence of the rates was determined using a thermo-
stated cell holder. The temperature of the sample was measured using a 44018
YSI Thermilinear network calibrated by comparison with several precision
thermometers. pH measurements were obtained at 20°C using a Radiometer
PM64 pH meter and a Radiometer GK2401C electrode. The ionic strength of
the buffers at different pH values were maintained constant by addition of
NaCl.

EPR spectra were obtained at 2.1 K with a 9 GHz superheterodyne spec-
trometer of local design [23] utilizing 80 Hz field modulation. The spectra are
thus first derivative traces. Samples were prepared in argon purged gas-tight
EPR cells (3 mm or 8 mm diameter) containing 0.2 mM cytochrome ¢, 2 mM
dithionite, 60 mM Tris, pH 8, 0.1% Triton X-100. In some cases, excess
quinone was added, dissolved in 10% Triton X-100. The samples were illumi-
nated using a tungsten light source filtered through 3-cm water and Corning
Filters CS2-64 and 5-56 (unless otherwise indicated), then quickly frozen in a
hexane slurry (T = —100°C). In order to freeze samples rapidly without crack-
ing the tubes, a short piece of Teflon tubing which was sealed on the bottom
was inserted into the sample tube prior to freezing.

Experimental results and Analyses

Optical spectrum of the trapped intermediate
When reaction centers from Rps. sphaeroides were illuminated at room



398

temperature pH 8 in the presence of exogenous mammalian cytochrome ¢ and
dithionite, optical spectral changes characteristic of the trapped 1~ [10,12,14]
were observed (Fig. 1). The changes were produced in 10—20s (I = 0.2 W/cm?)
and in the dark decayed slowly (t;,, = 15—20 min). Note that in the presence
of excess dithionite, oxidized cytochrome is rapidly re-reduced so that changes
due to cytochrome are not observed.

The rate of formation increased linearly with light intensity up to 0.2 W/
cm?. Above this intensity a deviation from linearity, most likely due to a tem-
perature rise of the sample, was observed. The rate of formation was also
proportional to cytochrome concentration below 0.2 mM cytochrome. At
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Fig. 1. Changes in the optical absorption spectrum of R. sphaeroides reaction centers with actinic illu-
mination (I = 0.2 W/em2, 2 min) in the presence of 0.2 mM cytochrome ¢ and 2 mM dithionite (pH 8,
T = 25°C). (a) Spectra taken before and after illumination (0.3 mm pathlength) [RC] = 5.5-1075 M,
(b) Light minus dark difference spectrum obtained with illuminated cell in the sample compartment and
dark sample in the reference compartment (for A = 600—1000 nm, [RC] = 2 - 10”5 M, for A = 350—600
nm, [RC) =1-10"5 M, [cyt] =4 - 10”5 M. Absorbance changes normalized to Aggg. The times required
for scanning the spectra (2—3 min) were short compared to the decay of I” (t;,, = 15—20 min).
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higher concentration of cytochrome the rate was independent of concentration
indicating saturation of the cytochrome binding sites.

The changes due to the trapped I” include bleaching at 762 and 542 nm, a
hyperchromic (red) shift around 400 nm, characteristic of bacteriopheophytin,
and bleaching at 802 and 590 nm, characteristic of BChl. In addition, a broad
absorption increase in the 600—700 nm region, as well as increases at 845, 910,
and 962 nm were observed. These latter changes are similar but not identical to
those seen in BChl™ and BPhe™ [8,24].

The singlet EPR spectrum of the trapped intermediate in reaction centers of
Rps. sphaeroides

Illumination of reaction centers at 25°C in the presence of cytochrome ¢ and
dithionite also resulted in changes in its low temperature (2.1 K) EPR spectrum
(see Fig. 2). Before illumination, the EPR spectrum was that of the reduced
ferroquinone, A~ (g = 1.8); in addition, a small amount (=5%) of free radical
signal (g = 2.0045) assigned to a ubisemiquinone was observed (Fig. 2a). After
illumination, a narrow signal appeared at g = 2.0036, AH =13.0 G, and the
ferroquinone signal A~ disappeared (Fig. 2b). The narrow signal consists of a
single line (Fig. 3a) and differs from the EPR spectrum seen in C. vinosum
chromatophores illuminated at 200 K, where an additional doublet spectrum
was observed (see Fig. 3b). The absence of the doublet and the disappearance
of the g = 1.8 signal led to the three-step model in which the doublet due to
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Fig. 2, Changes in the EPR spectrum (T = 2.1 K) of R. sphaeroides reaction centers after illumination (I =
0.8 W/em2, 5 min, T = 26°C) in the presence of 0.2 mM cytochrome ¢ and 2 mM dithionite, pH 8 (vol =
1ml, 8 mm internal diameter quartz tubes, v = 8 .85 GHz, microwave power =106 W, modulation
amplitude = 20 G, [RC] = 6 - 105 M.) (a) Before illumination. (b) After illumination.
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Fig. 3. Comparison between EPR signals (T = 2.1 K) seen in (a) R. sphaeroides reaction centers (6 - 1073
M) illuminated at 25°C (0.8 W/cm?2 . 5 min) in the presence of 0.2 mM cytochrome ¢ (0.1% Triton X-100)
and (b) C. vinosum chromatophores (A,;So = 100) illuminated at —100°C (/ = 0.8 W/em2, 15 min), Both
samples contained 2 mM dithionite, 60 mM Tris, pH 8. Sample volumes 1 ml, Modulation amplitude
=10G.

I"Q" decays in the dark to IQ?~ and the narrow, singlet signal is due to I " Q?*"
(see Introduction).

The doublet EPR signal of the trapped intermediate in reaction centers of Rps.
sphaeroides

In order to try to observe the doublet EPR signal in reaction centers of Rps.
sphaeroides, several modifications in the experimental procedure were intro-
duced to try to simulate the conditions under which the doublet was produced
in chromatophores of C. vinosum. One of these was the low (—100°C) tempera-
ture at which I° was formed in C. vinosum. Reaction centers from Rps.
sphaeroides do not contain a tightly bound cytochrome capable of rapidly
reducing D’ at subzero temperatures, as do chromatophores of C. vinosum.
Consequently, low temperature illumination of reaction centers from Rps.
sphaeroides cannot generate I". However, attempts were made to form I at
room temperature and to freeze the sample rapidly (=2 s) while illuminating it
(I = 2 W/ecm?). These were the conditions under which Evans et al. observed the
first doublet EPR signals in chromatophores from C. vinosum [25]. The low
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temperature EPR spectra of reaction centers from Rps. sphaeroides that were
treated this way, however, showed no signs of a doublet.

Another difference between reaction centers from Rps. sphaeroides and C.
vinosum 1is the nature of their primary quinone: Rps. sphaeroides has a ubi-
quinone (UQ), whereas C. vinosum has a menaquinone (MQ) [26,27]. Conse-
quently, experiments were performed on reaction centers of Rps. sphaeroides
from which UQ had been removed and replaced by MQ (vitamin K-1). Such a
reconstituted sample when rapidly frozen after short intense illumination (I =
2 W/em?, t=2s, T=8°C) did give a doublet EPR signal (Fig. 4a, b). At low
microwave power (Fig. 4a), a singlet EPR signal was also observed which is
partly due to the g = 2.0045 dark signal (similar to Fig. 2a) and partly due to a
new resonance. At high microwave power (Fig. 4b), the singlet saturates and
the EPR spectrum of the doublet predominates. The doublet splitting 6H was
equal to 60 G (Fig. 4b), similar to that observed in C. vinosum [11—13]. When
the reaction center sample containing MQ was illuminated for a long period
(t =120 s) prior to freezing, the EPR spectrum of the doublet disappeared and
was replaced by a narrow resonance (g = 2.0036, AH = 13 G) (Fig. 4c, d), simi-
lar to that observed in reaction centers containing UQ (Fig. 3b).

Why is the doublet seen in reaction centers containing MQ but not in those
containing UQ? One possibility is that I"UQ™ does not give a doublet spectrum.
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Fig. 4. EPR spectra of reaction centers reconstituted with MQ (vitamin K-1) after short (a and b) and long
(c and d) ilumination. Reaction centers (2-10°5 M) were depleted of UQ [19], then reconstituted with
MQ (vitamin K-1, 1074 M) in 0.2% Triton X-100, 60 mM Tris-Cl, 2 mM dithionite, 0.2 mM cytochrome c,
1 ml volume. (a) Reaction center sample quickly frozen in hexane slurry (T = -—-100°C) after short, 2-s
ifllumination at T = 5°C, I = 3 W/cm2, tungsten lamp, water filter. Microwave power = 10~6 W, (b) Same
as (a), except microwave power = 1072 W, (¢) Reaction center sample frozen after long illumination
(2 min at I = 0.2 W/cm?2, tungsten lamp, water filter, microwave power = 1076 W), (d) Same as (c). except
microwave power = 1072 W, Spectrometer gain used to obtain spectrum 4a was six times that for 4c.
Gains for 4b and 4d were equal. Modulation amplitude 10 G for all spectra.
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This would be the case if, for instance, the magnetic interaction between I” and
UQ"Fe?* was too weak. Another possibility is that I"UQ" decays too rapidly to
be trapped by rapid freezing. In order to differentiate between these two pos-
sibilities, the kinetics of I~ formation were studied.

Kinetics of I” formation from optical absorbance changes

Reaction centers containing ubiquinone. The optical absorbance changes at
645 nm due to the formation of I~ (Fig. 1b) showed an unusual sigmoidal
behavior after the first illumination (Fig. 5a). These changes were slowly
reversible in the dark, with a decay half time t,,, = 15—20 min. This decay rate,
k4, is nonexponential and variable. The mechanism of this back reaction (i.e.
what is oxidizing I7) is not understood at present.
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Fig. 5. Kinetics of optical absorbance changes at different wavelengths of reaction centers containing
either UQ or MQ. Full lines represent experimental results, dots are theoretical fits. (a) Absorbance
changes at A = 645 nm in reaction centers of R. sphaeroides due to formation of I" (T = 25°C,I=0.2 W/
em?) [RC] = 1.9 - 1075 M, [UQ] = 1075 M, 0.2 mM cytochrome c, 2 mM dithionite, 60 mM Tris-Cl, pH
8. 0.1% Triton X-100. The second illumination was obtained after a one-hour dark period. The theoretical
curve (* - ) was obtained from Eqns. 18, 11, and 13, using k; = 100 s7!, and k3 = k) = 1/7, where
T7=12.3 s was the exponential time for I~ formation measured during the second illumination, Similar fits
could be obtained for any k,; > 20 s~1, (b) Kinetics of optical absorbance changes in reaction centers of
R. sphaeroides at A = 450 nm. (Same conditions as in (a).) The theoretical curve (---- - ) was obtained
from Eqns. 19, 11, 12, and 13, using k5 = 100, and k3 = k; = 1/7, where 7 = 15.5 s was the exponential
time for 1~ formation measured during the second illumination. The molar differential extinction coeffi-
clents, A€ga. A€pa, A€cq, from Eqns. 14,16, and 17 were —520, 4300 and —4800 M~! - em™1, respectively.
(c) Kinetics of optical absorbance changes at A = 645 nm in reaction centers of R. sphaeroides containing
MQ. Reaction centers reconstituted with MQ were used, otherwise, the conditions were the same as in (a),
[MQ] = 1075 M. The theoretical curve (- - - -« ) was obtained from Eqns. 18, 11, and 13, using k; =
0.22s71, and k3 = k; = 1/7, where 7 = 10 s was the exponential time for I~ formation during the second
illumination.
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If the reaction centers were illuminated a second time (after dark recovery),
absorbance changes of the same magnitude were observed. However, the kinetics
showed exponential rather than sigmoidal behavior (Fig. 5a). Similar
exponential kinetics were observed during subsequent illuminations. The
sigmoidal behavior was not restored even after a long (=10 h) dark period. If,
however, after the first illumination the sample was oxidized with O,,
rereduced with dithionite, then illuminated, sigmoidal behavior was again
observed. These results are explained by the three-step model, as follows: (1)
The sigmoidal shape on the first illumination is a consequence of having three
sequential reactions. (2) The exponential behavior on the second illumination
can be explained if the last reaction is reversible only back to the state
DI(Q*"Fe?*). Thus, during the second illumination only one step of the
sequence (i.e. k3 in Eqn. 2) is observed. (3) In the presence of O, the reaction
centers would be oxidized back to DI(QFe?*) so that reduction and illumina-
tion could give the three-step reaction sequence under strongly reducing condi-
tions. It is interesting that the primary quinone can be photoreduced to form
Q*” but cannot be chemically reduced to Q*” by dithionite in the dark. This is
most likely due to kinetic constraints (e.g. inaccessibility of reductant).

The kinetic behavior described above has been quantitatively explained by
the three-step model (see Appendix) in which the rate constant k; was obtained
from the measured rate of formation of I” during the second illumination. The
experimental data were fitted well with the following values: k,/k; = 1.0 and
ky/ks large (k,/k; > 20). The absorbance changes during the first illumination
have a characteristic zero initial slope. This is due to the rapid decay of 1" Q"
which prevents the initial formation of I". Under these conditions, the kinetics
are fairly sensitive to the value of k,/k; (see Appendix, Fig. 10a) but are very
insensitive to k, whose exact value, therefore, cannot be determined from this
experiment (see Appendix, Fig. 10b). Fig. 5a shows a comparison between the
experimental data and the theoretical curve (dotted line) with k,/k, = 100.
Similar theoretical curves are obtained for any k,/k, > 20. From this result,
using the measured value of k; =k, = 0.1 571, we can estimate an upper limit
for the lifetime of I'UQ™ of 7, =1/k, < 0.5s (a more precise value of 7, is
given in a later section). This short lifetime is most likely responsible for the
lack of a doublet EPR signal in reaction centers containing UQ.

Similar sigmoidal kinetics were also obtained at 800, 760, and 540 nm,
where only optical changes due to 1™ are observed. However, when the kinetics
were measured at 450 nm, where UQ™ also absorbs, different kinetic curves
were obtained (Fig. 5b). During the first illumination the absorbance changes
were initially negative, then went through a minimum and became again more
positive. The absorbance changes on the second illumination were positive and
exhibited exponential behavior. This can again be accounted for by the three-step
model if the optical absorption changes due to I” and Q™ have opposite signs.
Since k, is large, the only initial change is due to the disappearance of Q" i.e.
the reduction of IQ™~ to IQ*~ (see Egn. 2) resulting in an initial decrease in
absorption. The subsequent increase in absorbance is due to the subsequent
formation of the reduced intermediate acceptor I"Q?". These kinetic data were
quantitatively fitted with the three-step model using the experimentally deter-
mined extinction coefficients connecting the three states, I'Q", IQ*~, and I Q*
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(see Appendix). Good agreement between experiment (full line) and theory
(dotted line) is obtained as shown in Fig. 5b. The value obtained for the molar
differential extinction coefficient for the change from the state 1Q™ to 1Q?",
Ae., =4.8-10°M-1.cm™, is in agreement with the estimated value of Ae =
4.7 -10° M~! - cm™* obtained for the formation of ubisemiquinone [28].

Reaction centers containing menaquinone. In reaction centers containing
MQ as the primary quinone, the kinetics at 645 are much different from those
containing UQ. The initial slope is nonzero and there is a pronounced shoulder
on the kinetic trace during the first illumination (Fig. 5¢). This can be qualita-
tively understood if we assume that the state 17Q~ is relative long lived (see
Appendix, Fig. 10b). A quantitative fit of the theory to the experimental data
was obtained by assuming that k, = k; (as was done for UQ) and searching for
the best value of k,. Fig. 5¢ shows a small deviation between experiment (full
line, Fig. 5¢) and theory (dotted line). Several factors may contribute to this
deviation: incomplete reconstitution with MQ, the neglect of the back reaction
of I” (¢,,, ® 2 min) which is approx. 10 times faster than for UQ, the inequiva-
lence of k, and k3, or the inequivalence of A€, and A€y, (Eqn. 16).

The best value for the decay time for I'MQ~ was determined to be 7, =
1/k, = 5.2 £ 2 s (average of four experiments). This time is much slower than in
reaction centers containing UQ and helps to stabilize and trap the I"'MQ~
species. It accounts for the observation of the doublet EPR signal in reaction
centers containing MQ.

Effect of UQ removal on the kinetics of I~ formation

If, as postulated, the sigmoidal shape of the kinetics is due to a reduction of
Q7, then it should not be observed in reaction centers from which quinone had
been removed. This indeed was found, as shown in Fig. 6a, b. The rate of
formation of I” in reaction centers without quinone was 4—5 times faster than
the rate in reaction centers containing Q2. The sigmoidal kinetics were
restored when UQ was added back (Fig. 6c). The EPR signal of I~ observed in
reaction centers containing no UQ had the same characteristics (g = 2.0036,
AH =13 G) as that observed in reaction centers containing UQ. In reaction
centers that had 1.0+ 0.1 UQ/reaction center, the kinetic behavior was
sigmoidal but showed a nonzero initial slope. This was thought to be due to a
fraction (5—10%) of reaction center with no quinone. When excess exogenous
quinone was added to saturate all binding sites, the zero slope was restored.

Transient optical absorbance changes due to I"(Q Fe**)

The three-step model for the trapping of I” seems to adequately explain all
of the observations discussed so far. Furthermore, the model suggests that the
difference in the EPR spectra seen in reaction centers containing UQ and those
containing MQ is due to the difference in their decay constant k,. It was there-
fore of interest to measure k, directly by observing the transient decay of I'Q~
after a flash of light.

Reaction centers containing UQ. Using a camera flash (0.3 J/cm?® output
energy, t,,» = lmsec), a transient absorbance increase (A =645 nm) was
observed after the first flash (Fig. 7a). It had a decay time 7, =1/k, =10+ 1 ms
(T = 25°C). Subsequent flashes also illicited absorbance increases. However, the
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Fig. 6. Effect of removal and readdition of UQ on the kinetics of I' formation in reaction centers of R.
sphaeroides during the first illumination. (a) Untreated reaction centers. (b) Reaction centers from which
UQ was removed. (c) Reaction centers reconstituted with 2 - 1075 M UQ. Reaction center concentrations
were approximately 10~5 M in 1 mm pathlength cell set at 45° to optical light path. I = 0.3 W/ecm?2,
2 mM dithionite, 0.2 mM cytochrome ¢, 60 mM Tris-Cl, pH 8. 0.1% Triton X-100, 25°C.

fast decaying component gradually decreased until after ~20 flashes, only
slowly reversible (of the order of minutes) absorbance increases were observed.
This is interpreted as being due to the accumulation of the final product 1" Q?".
Reaction centers which had been illuminated continuously and allowed to
recover or reaction centers containing no quinone exhibited no transient after
the first flash showing only rapid rise in absorbance which was only slowly (of
the order of minutes) reversible. Even after the first flash, the fast (10 ms)
decay is not completely reversible (Fig. 7a). This may be due to the formation
of I” in reaction centers containing either no @ or Q*” or to the formation of
I"Q?" due to the relatively long flash duration. We believe that the fast (10 ms)
component represents the decay of I"'UQ™ (7,) and accounts for the lack of a
doublet EPR signal in reaction centers containing UQ.

Reaction centers containing MQ. When the flash experiments described
above were repeated on reaction centers containing MQ, the decay time for the
transient was found to be 4.0 + 0.5 s, 25°C (see Fig. 7b). This is 400 times
longer than observed in reaction centers containing UQ. Again, after subse-
quent flashes, the fast transient disappeared and was replaced by a slower
decay. We believe that the initial transient is the decay of "M@ .The decay
time is in good agreement with that estimated from the kinetics during con-
tinuous illumination and is slow enough so that significant amounts of I'TMQ~
may be trapped by illumination while freezing and thus accounts for the obser-
vation of the doublet EPR signal in reaction centers containing MQ. The decay
times obtained by continuous and pulsed illumination are summarized in Table
I.
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Fig. 7. Tiansient optical absorbance changes at A = 645 nm due to 1'Q  in reaction centers of R.
sphaeroides containing UQ (a) and MQ (b), T = 25°C. Flash energy = 0.3 J/cm2, half time = 1 ms, Corning
filters CS-2-64, CS-6-66, photodiode UDT 10D blocked with narrow bandpass interference filter and a
Bausch and Lomb monochromator. Instrument time constant was 1 ms for (a) and 100 ms for (b).
[RC]=2-10"% M; 0.2 mM cytochrome ¢, 2 mM dithionite, 60 mM Tris-Cl, pH 8. Samples contained
1075 M UQ-10 (a) and 10~5 M vitamin K-1 (b). Note the different time scales in (a) and (b).

TABLE 1
DECAY TIMES (73 =1/k;) OBTAINED FOR RCs CONTAINING UBIQUINONE AND MENA-
k3
QUINONE BY CONTINUOUS AND PULSED ILLUMINATION (1"Q~ —>1Q2")
Quinone T2 * (sec) T2 ** (sec)
continuous pulsed
illumination illumination
Ubiquinone <0.5 0.010 2 0.001
Menaquinone 52 4.0 0.5
(Vitamin K-1)

* Obtained from optical kinetics (A = 645 nm, T = 26°C) using Eqns. 18, 11, and 13, assuming k) =kj3
(see Fig. 5).
** Obtained from transient decay (A = 645 nm, T = 25°C) after pulsed illumination. 72 is the time it takes
to reach 63% (i.e., 100(1 — 1/e)%) of the final value.
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for pH dependence measurements were buffered with Tris (pH 8—9) or HEPES (pH 7—8). The ionic
strength was adjusted to be constant (60 mM) with NaCl.

Activation energy

The activation energy of the I"Q™ — IQ?” process was obtained from the
temperature dependence of the decay time, 7,. However, since the pH of the
Tris-HC]1 buffer is temperature dependent [29] and the decay time, in turn is
pH dependent, a correction had to be made to account for these dependencies.
This was done by assuming, as a first order approximation, that the pH
dependence of 7, is temperature independent and that the activation energy,
8E*, is pH independent. We can then write for 7, normalized to pH 8 at tempe-
rature T

M 7,(20°C, pH 8)

TZ(Tv pH 8) T2 (T’ pH) [1_2 (200 C, pH)
where 7 (T, pH) is the measured kinetic time at temperature T at the pH of
the Tris-Cl buffer at T [29] *. The square bracket represents the pH depen-
dence of 7, and was determined experimentally at 20°C (Figs. 8b, d). 7 is a
constant and k is Boltzmann’s constant.

The experimentally determined decay times, 73", are plotted logarithmically
against 1/7 in Figs. 8a and c. From the slope of the lines, the uncorrected

} =7, exp(8EY kT (3)

* Typical values of the pH dependence of Tris-Cl are [29]: pH (T = 40°C) = 7.46, pH (T = 20°C) = 8.0,
pH (T = 6°C) = 8.46.
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activation energies were obtained (Table II). For reaction centers containing
UQ, 7 was found to be approximately pH independent and no correction was
applied. For reaction centers containing MQ, the square bracket of Eqn. 3 was
evaluated from the pH dependence as shown in Fig. 9b and the known pH
dependence of the buffer. The normalized value of 7, (T, pH 8) was replotted
logarithmically against 1/T and the corrected activation energy was obtained.
The results are summarized in Table I1.

Kinetics of I" formation from EPR absorptions
The time dependences of the EPR changes (measured at 2.1 K) were deter-
mined by illuminating EPR samples at room temperature for various times
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Fig. 9. Kinetics of EPR changes due to I~ formation in reaction centers containing UQ (a) and MQ (b).
(a) Amplitudes of EPR signals at g = 1.83 (¢——=) and g = 2.0036, (X X). T = 2.1 K after various
illumination periods. (/= 0.15 W/cm2, T = 256°C. (RC] = 3-10~5 M, 0.2 mM cytochrome ¢, 2 mM
dithionite, 60 mM Tris-Cl, pH 8. 0.1% Triton X-100.) (b) Amplitudes of EPR signals at g = 1.8
(e———e), g = 2.0036 (0———0), and the doublet EPR signal (A———4) (T = 2.1 K) after various
ilumination periods (I = 0.4 W/em?2, T = 10°C) in reaction center samples containing MQ. [RC} =2 -
10-5 M, (vitamin K-1] = 2 - 10~5 M, 0.2% Triton X-100, 0.2 mM cytochrome ¢, 2 mM dijthionite, 60 mM
Tris-Cl, pH 8.
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TABLEII
ACTIVATION ENERGIES FOR THE ELECTRON TRANSFER FROM 1™ TO Q “"Fe?*

Quoted errors are statistical (one standard deviation).

Quinone SET (uncorrected) SEL (corrected) *

(eV) (eV)
uQ 0.42 : 0.03 0.42 £ 0.03 ( 9.7 kcal/mol)
MQ 0.80 + 0.03 0.67 £ 0.03 (15.5 kcal/mol)

* Corrected for the pH dependence of the reaction and the temperature dependency of the pH using Eqn.
(3).

before freezing. In reaction centers containing UQ, the EPR spectrum of A~
(g = 1.8) decreased rapidly with illumination (Fig. 9a) while the EPR spectrum
of I” (g = 2.0036) exhibited a lag period similar to that observed in the optical
kinetics (Fig. 5a). No doublet signals were observed. When reaction centers,
after being illuminated, were kept in the dark for 1 h at room temperature, the
I" signal decayed and the A~ signal did not recover. These results are explained
by the threestep model (Egn. 2) in the following way: (1) The loss of the g =
1.8 signal is due to the formation of the diamagnetic DIQ? Fe?* state (Eqn. 2).
(2) The sigmoidal kinetics of the I” signal is due to the sequential kinetics. (3)
The lack of a doublet EFR signal is due to the rapid decay of I"UQ Fe?*. (4)
The decay of the I signal and lack of recovery of the A~ signal in the dark is
due to the decay of I"Q* Fe?* to IQ*"Fe?*. In view of the time required to
freeze the EPR samples after illumination and the unknown variation of the
rate constants during that period, a quantitative fit of the kinetics of the EPR
signal with theory was not attempted.

When reaction centers containing MQ were illuminated, the A~ (g =1.8)
signal also decayed exponentially (Fig. 9b) and the I" (g = 2.0036) signal
exhibited a lag in its formation (Fig. 9b) similar to that observed in reaction
centers containing UQ. In addition, the doublet signal appeared at short illumi-
nation times, then decayed away at longer times (Fig. 9b). These results are
consistent with the three-step model in which the doublet is due to the inter-
mediate state I"(MQ Fe?*) which is stable for a few seconds after formation.
The lag in the formation of the narrow I™ signal (g = 2.0036) indicates that it is
not associated with the same paramagnetic state as the doublet signal. The
exponential decay of the A~ (g =1.8) signal (Fig. 9b) is, however, rather
surprising; it suggests that in the state I (MQ Fe?*) the EPR spectrum of the
ferroquinone (MQ Fe?*) complex is appreciably altered due to interaction with
I". A similar loss of the g = 1.8 EPR signal concomitant with doublet formation
has also been observed in R. viridis [17].

Discussion and Conclusions

The purpose of this study has been to investigate the nature of the inter-
mediate species I in reaction centers of Rps. sphaeroides R-26 by photo-
reductive trapping. In particular, we have sought to understand the difference
between the EPR properties of I” in C. vinosum chromatophore preparations
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where a doublet signal was obtained and those of 1™ in reaction centers of Rps.
sphaeroides R-26 where only a single resonance was observed. We have found
that this difference is due to an electron transfer from I~ to Q Fe?* whose rate
depends on whether the quinone is UQ as in Rps. sphaeroides or MQ as in C.
vinosum. This electron transfer rate can be described by the theories of
thermally activated electron tunneling [30,31]. With the aid of these theories,
we were also able to estimate the distance between the reactants I” and MQ™.

We have constructed a model (Eqn. 2) in which the lack of the doublet signal
is due to the decay of the I (UQ Fe?*) state and the appearance of a singlet
EPR signal is due to the subsequent formation of I (UQ* Fe?*). The proposed
model explains the optical and EPR spectra, the sigmoidal kinetics and the
effect of UQ removal on the sigmoidal kinetics. The model has been further
tested by a quantitative comparison between the experimental data and
theoretical kinetic curves. In reaction centers containing UQ the sigmoidal
kinetic curves can be fitted well to the experimental data by assuming that the
two photoreductive trapping rates k, and k; are equal, and that the decay of
I7(UQ Fe?*) proceeds with a rate k, that is larger than 2 s™*. An independent
measurement of k, made by using a short flash showed that k, is indeed fast
(k2 =100 571, 25°C) (see Table I).

In order to observe the doublet EPR signal in reaction centers from Rps.
sphaeroides, the UQ was replaced with menaquinone (vitamin K-1) which had
been shown to be the primary quinone in C. vinosum [26,27]. The reaction
centers containing MQ exhibited different sigmoidal behavior from those con-
taining UQ when subjected to continuous illumination. These kinetics are con-
sistent with a slower decay of I (MQ Fe?*) (1, ~ 5z 25, 25°C). An indepen-
dent measurement of I (MQ Fe?*) by flash illumination gave a transient optical
signal due to I~ with a decay time, 7, = 4.0 + 0.5 s (25°C) (see Table I).

The slower decay of I"(MQ Fe?*) made it possible to trap the species
exhibiting a doublet EPR signal with a splitting (6H = 60 G) identical to that
previously reported in C. vinosum chromatophores [11—13]. Tiede et al. have
proposed that the doublet splitting arises from a magnetic interaction between
I" and Q Fe?* [11—13]. Our work supports this proposal and further suggests
that the interaction giving rise to the doublet is mainly between I” and Q" since
the splitting is not present when quinone is reduced to Q?" or when the
quinone is absent (i.e. I” is not split by Fe?* alone). In order to explain the
earlier observation of both doublet and singlet EPR signals in C. vinosum
samples Tiede et al. [13] postulated that the electron on I~ is shared between
two molecules, bacteriopheophytin and bacteriochlorophyll, and that the
different positions of these two species with respect to Q" Fe** gave rise to two
EPR signals. Our results suggest a simpler explanation, namely, that those
reaction centers which have their quinone doubly reduced (or absent) give rise
to the singlet I" signal, while those which contain Q Fe?* give rise to the
doublet. The lack of any appreciable broadening of the EPR signal of I” due to
Fe?* is in contrast to the EPR resonances of the reduced primary [20] and
secondary [32,33] quinones which are extensively broadened (300 and 450 G,
respectively) by the proximity of the paramagnetic Fe?*. These results indicate
that Fe?* is closer to Q, and Q, than it is to 1.

The magnetic interaction between I~ and Q "Fe?* contains information about
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the structure and function of the electron transfer complex. There are two con-
tributions to this interaction [34,35,36]. One is due to a magnetic dipole-dipole
interaction which varies as the reciprocal third power of the distance between
paramagnetic species. The other is due to an exchange interaction which results
from the overlap of electronic wavefunctions. The exchange interaction, J,
between the reactant molecules I~ and Q Fe?* can be related to the tunneling
matrix element Ty [37—39] by the expression

J {Tasl?

ST R =& (4)
2 (Epn —Eg— 4)

where E, and Ey are the redox energies of the donor and acceptor, and A is the
vibronic coupling parameter. By modifying the theory of thermally induced

electron tunneling to include this relation, the following expression for the
electron transfer rate k, in the high temperature limit was obtained [39]:

b= Lo |J|(naE¢)”2 _ 6!
21, 2n\kgT kyT

(5)

where 8E* is the activation energy and |J| is the exchange coupling, % is
Planck’s constant/2w, kg is Boltzmann’s constant, T is the absolute temperature.
Note that the above expression contains only two parameters, §E¥ and |J|.
These were determined by two independent experiments. Consequently, we
were able to use Eqn. 5 to test the applicability of the tunneling mechanism to
the electron transfer reaction from I~ to MQ "Fe?*.

Assuming that the observed doublet splitting is predominantly due to an
exchange interaction (to be justified below), the activation energy for this reac-
tion was calculated using Eqn. 5 (1, =45, J =60 G, T = 298 K) and the result
compared with the measured value.

8E* (experimental) = 0.67 + 0.03 eV
8E* (theoretical) = 0.61 eV.

The agreement between these results support the mechanism of thermally
activated tunneling for this reaction. For the case where Q = UQ, no doublet
was observed, hence we cannot tell whether the tunneling mechanism applies.
If we assume that it does, we can use the measured value of 7, and 8E* to
calculate from Eqn. 5 the ratio of J for UQ and MQ. This ratio is 3.1 - 1072,
resulting in J (UQ) = 1.8 G.

The large difference (8—10 orders of magnitude) between the electron
transfer rate for I~ to Q Fe?* and I” to QFe?* (the physiological case) can be
accounted for by the high activation energy for the case in which the primary
quinone has to accept two electrons. What is the origin of this unusually high
activation energy? In the theory of thermally activated tunneling [30,31], the
activation energy arises from the requirement for energy conservation, i.e., the
energy loss by the donor has to be equal to the energy gain by the acceptor.
This requirement is satisfied only at specific nuclear configurational states of
the donor and acceptor molecules which are populated by thermal activation *.

* The lowest of these states is the transition state, For a simple discussion, see Okamura et al. [ 39].
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This leads to an activation energy given by [30,31]:

_(Eo—Eg—A)
where E, and Eg are the redox energies of the reactants and products and A is
the vibronic coupling parameter. A large A implies a large change in nuclear
configuration between reactants I (Q Fe?*) and products [(Q?* Fe?*).

The high activation energies for electron transfer from I” to Q Fe?* can thus
be reconciled with a large A (see Table I11). These large A values are thought to
be due to configurational changes required to accommodate a doubly reduced
quinone in an aprotic environment. In contrast, smaller configurational changes
(and hence small values of A) are expected to be necessary to accomodate a
singly reduced quinone. This results in a lower activation energy for the
physiological electron transfer from I~ to QFe?*. From Eqn. 6, we see that
when A just matches the difference in redox energies E, - Eg (see Table III), a
very fast transfer rate is obtained. This matching may be one of the factors
involved in optimizing the rate of electron transfer in vivo. The difference in A
between UQ and MQ is not understood; it may, however, be related to the dif-
ference in the pH dependence of 7, for UQ and MQ (see Fig. 9b, d). Another
effect of the presence of the doubly charged Q? is approximately a fivefold
reduction in the rate of I formation as compared to that in reaction centers
without quinones (Fig. 6).

The exchange interaction obtained from the doublet spectrum enables one
to estimate the distance between I and MQ ™ (we assume that the interaction is
mainly with MQ~ and not Fe?*). Using Eqn. 5 and the values of A and E, — Ey
from Table III, we calculate the matrix element to be, Tpg = 1072 eV (8 cm™3).
Hopfield [30] relates T, g to the distance between nearest neighbor edge atoms,
R, by the expression

Tap exp(—0.72 R) (7)

_ 2.7

(NaNg)'?
where N,, Ny are the number of atoms in the conjugation path of A and B;
TppisaeVand R in A. Taking these as 18 and 8 for I and Q", respectively,
the distance, R, calculated from Eqn. 7 is 7.5 A. Jortner [31] used a different
relation based on the distance dependence d(ln T,g)/dR =—1.3 A~ with a
value of Tap = 1.24 - 1073 eV at R = 10 A. This results in the expression

Tap=5.5-10"? exp(—1.3 R) (8)

With T,p = 1073 eV, this relation gives a distance of 10 A. For the case of UQ,
we had estimated a value of J of 1.8 G, i.e. Tog=1.3 - 107* eV (Eqgn. 4). Using
Eqns. 7 and 8, this results in a distance of 10—12 A. These distances are in the
same range as previous estimates of 9—13 A obtained by Peters et al. [40] from
the kinetics of the I"(QFe?*) - I(Q Fe?*) reaction.

Having obtained the distance between the paramagnetic molecules I~ and
MQ™, we can calculate the contribution of the magnetic dipole interaction to
the doublet spectrum. Since the spin density is delocalized over a molecule
whose size is comparable to intermolecular distances the dipolar coupling
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depends on details of the orientation of the two molecules. Calculations on
simple models, using the procedure outlined by Schepler et al. [36], show that
the dipolar contribution to the splitting is of the order of 10 G or less,
consistent with our assumption that the major source of the observed 60 G
splitting is due to an exchange coupling.

This study has characterized in detail the photoreductive trapping reaction
in reaction centers of Rps. sphaeroides, but has not solved the problem of the
definitive chemical identification of the intermediate acceptor I". We have
shown that 1™ is chemically reactive and magnetically coupled with the primary
quinone, supporting (but not proving) the accepted idea that it is the transient
intermediate acceptor responsible for the charge separation in the state Pf. The
optical changes are consistent with bacteriopheophytin but also show some
changes characteristic of bacteriochlorophylls. The EPR and ENDOR results
are consistent with the possibility that 1™ is either a bacteriopheophytin or
bacteriochlorophyll anion radical in the monomeric state. The stability and
ease of preparation of 1™ described in this work should facilitate studies using
other techniques (such as resonance Raman scattering or magnetic circular
dichroism measurements) to further elucidate the chemical nature of the
transient intermediate.

Appendix I

Kinetics of the three-step model
The three-step model can be formulated as a set of consecutive first order
irreversible reactions. (Ignoring the slow decay from d - ¢)

k k
adpica. (9)

where a=1Q ", b=1"Q", ¢ =IQ*", d = I"Q?*". The rate equations can be solved
to give the time dependent concentrations of all species.

[a] = [1Q"] = a, exp(—F 1) (10)
[b] = (1 Q"] = ~22*L_ [exp(—k,t) — exp(—k;)] (11)
kz - kl

exp(—kit) __  exp(—kyt)
(Ry— ki) (k3 —ky) (kR — Ry ) (k3 —ky)

[e] = (1% 1 = aok s |

exp(—k;t) ]

(ks—kz_)(ks_kﬂ (12)

—IT-O2-1 = _ kaks exp(—k;t) kyk; exp(—k,t)
(4] = 10621 = a0 1 (er —Ry)es — k) (s — Ry )y — )
kiR, exp(—k;t)
e ks ) 49

where g, = the initial concentration of species a. Note that although these
equations do not hold when any two rate constants are exactly equal, this case
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is easily approximated by making them arbitrarily close to each other (e.g. k,/
k3 =1.001).

The concentrations [a], [b], [c], [d] are monitored optically. We define the
differential extinction coefficients:

AA
Aeda T €q T €< [—RTl] (14)
AA
Aedc S €q— €. T [R_Cz] (15)
100—
ky =
ke =
80" k3 = —
S 60 s
' Ne 1
= 40 : -
201 4 .
0 _ 1 A 1 N 1 s 1 N 1 R S 1 L ! N 1 s
0 0.5 1.0 1.5 2.0 2.5 30 35 40 45 50
NORMALIZED TIME (fxks)
100—— — . v . — v v v —
kl =Ik3 s T T I I 1 T (bf 1
k2= 0s indicated
801 4
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Fig. 10. Theoretical curves describing the changes in the optical absorption due to I~ using Eqns. 18, 11,
and 13 where the absorbance is expressed as per cent I” (ag = 100, €pg = €44 = 1.0). The abscissa is the
normalized time (¢ X k3). (a) The time dependence of 1~ for different ratios ky/k3 with ko large (kg =
2000). (b) The time dependence of 1~ for different values of ky with k) = k3.
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Aeba=6b—€a= Aedc (16)
A€, = €. — €, = Aeg, — A€y (17)

where AA, and AA, are the absorbance changes after the first and second illu-
mination, respectively, and [RC] is the reaction center concentration. Aeg, and
A€y, are obtained from Egns. 14 and 15 using the measured values of AA,,
AA,, and [RC]. Ae€,, and Ae€., are obtained from Egns. 16 and 17 which
assume that the optical changes due to I” and Q~ are independent of each
other.

When the optical absorption changes are monitored at 645 nm, only changes
due to I” (present in species b and d, i.e., Ae52® = 0) are observed and the change
in optical absorbance AA%*5(t) is given by:

AAS(t) = Aefg®[b] + Ae§2®[d]. (18)

At 645 nm the differential extinction coefficients for forming I'Q~ from IQ",
Aefts. and for forming 1"Q? from IQ~, Ae$35, are assumed to be equal.
Theoretical kinetic curves for several important cases are shown in Fig. 10a; it
shows the formation of I” versus time for different values of k, and k; for the
case kR, >> k,, k;. Fig. 10b shows the formation of I” for different values of &,
for the case k, = kj.

When optical absorption changes are monitored at 450 nm, where UQ~
absorption occurs, the optical absorption change is given by

AA*O(t) = Aets®[b] + AeL®[c] + Aeg°[d] (19)

where A€y, , A€, ,, A€y, are the differential extinction coefficients for forming
1'Q7, IQ*", and I Q*" from 1Q". They were obtained from Egns. 14—17 using
the experimentally determined values of A;, A,, and [RC].
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