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ABSTRACT. Electron transfer from FQa~Qg to form P QaQg~ was measured iRhodobacter sphaeroides
R-26 reaction centers (RCs) where the native primary quinone, ubiquinone-14),(W&s replaced by
2-methyl-3-phytyl-1,4-naphthoquinone (M) The native secondary quinone, UQ-10, was retained as
UQs. The difference spectrum of the semiquinone M@ninus U@~ absorption is very similar to that

of MQ™ minus UQ in solution (398-480 nm). Thus, the absorption change provides a direct monitor
of the electron transfer from M to UQs. In contrast, when both Qand ¢ are UQ-10 the spectral
difference between UL and U@~ arises from electrochromic responses of RC chromophores. Three
kinetic processes are seen in the near UV (3880 nm) and near-IR (746820 nm). Analysis of the
time-correlated spectra support the conclusion that the changeswaB us are mostly due to electron
transfer, electron transfer and charge compensation are mixed~n80 us, while little or no electron
transfer occurs at 268600 us (r3) in MQaUQg RCs. The 8Qxs rate has been previously observed,
while the fast component has not. The fast phase represents 60% of the electron-transfer reaction (398
nm). The activation energy for electron transfeni® ~ 3.5 kcal/mol for bothr; andz, between 0 and
30°C. Inisolated RCs with UQ if there is any fast component, it appears to be faster and less important

than in the MQ reconstituted RCs.

Reaction centers (RCs) of purple non-sulfur photosynthetic

of Qg (6). The final product of two cycles of electron

bacteria store the energy of a photon by a series of electron-transfer in vivo are two oxidized cytochromes in the cell

transfer reactionsl(-3). Following absorption of a photon
by a dimer of bacteriochlorophylls (P), the primary quinone
(Qn) is reduced in 200 ps forming®,~. Electron transfer
from Qa to the secondary quinones@as been measured to
occur within 200us yielding PQg~. Substoichiometric
proton uptake by the protein occurs at this s#&b. When
there is an available electron donor to$ich as cytochrome

periplasm and reduced dihydroubiquinone in the cell mem-
brane. Thus, RCs use the quinones in thea@d @ sites

to create a two-electron gate where the single-electron donors
and acceptors cytochromg P, and Q yield a doubly
reduced, protonated producgi; (7, 9).

The electron transfers from Qo Qs have been the subject
of much study 9, 10. This reaction starts the process of

¢, the absorption of a second photon yields a dihydroquinone ¢ pjing electron and proton transfer in RCs and has been

at the @ site as @ accepts a second electron with the
concomitant binding of two protons onto the quinone. It

used as a model of this crucial step in the vectorial energy
transfer and storage processl(12. RCs are one of the

appears that proton transfer precedes the second reductiof,,, energy-coupling, intrinsic membrane proteins where the
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1 Abbreviations: P, bacteriochlorophyll dimer which is the electron
donor in the reaction center protein; BPtacteriopheophytin near
Qa on the L branch of the protein while BRhs near @ on the M
branch; MQ, 2-methyl-3-phytyl-1,4-naphthoquinone; UQ, ubiquinone-
10 (2,3-dimethoxy-5-methyl-6-decaisopropyl-1,4-benzoquinon&y P
difference spectrum is the absorption of@ minus that of PQ; Q
spectrum is the semiquinone minus quinone spectiugis the rate
constant of the electron transfer from@,~ to P'Qg~ which includes
all associated processes. Lifetimes for reactiangs:for PrQa™ — PQu;
7ep for PTQs™ — PQs; 7as for PQa Qs — PTQaQs ™. 7as Was analyzed
as the sum of three exponentials with lifetimes 7., and 73 and
respective amplitudes,;, Ay, andAs.

atomic resolution structure is known. In addition, as this is
a photosynthetic protein, single turnover reactions can be
measured. The reaction has been studied by site-directed
mutagenesislQ, 13, by a variety of spectroscopic techniques
(14), and by theoretical analysislg, 16. It is well-
established that the first electron transfer does not involve
proton binding by @~ as indicated by opticall{7), EPR (8),

and ENDOR 19) measurements. The reaction does result
in substoichiometric proton uptake from the surroundings
and proton rearrangement within the protedn %, 20-23).

The electron transfer from Qto Qg is the only intra-RC
electron transfer that shows significant temperature and pH
dependence2( 24). In this, it is different from the other
intra-RC reactions that proceed with less than a 5-fold change
in rate from room temperature to 1 K. Thus, analysis of the
quinone-dependent reactions must consider that protein or
proton motions may control the electron-transfer rate.
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The basic problem with studying the electron transfer from
Qa to Qs in RCs fromRhodobacter sphaeroides that the

Biochemistry, Vol. 37, No. 9, 1998819

Quinone Reconstitution.The long-tailed quinones are
effectively insoluble in water, but become soluble when

same quinone, ubiquinone-10, is found in both quinone detergent is added. However, detergent weakens the affinity
binding sites. In the near-UV region of the spectra, the light- of quinone for the binding sites. The method of Wraight
induced absorbance changes are almost identical for the(41) using quinone dissolved in Triton X-100 was the basis

reduction of UQ or UQs and are similar to that obtained
for ubisemiquinone in alcoholic solutiodq, 25. Therefore,
there is no primary optical marker to distinguish between
the semiquinone states WQand UQ~. Instead, secondary

of the most effective and reproducible method of reconstitu-
tion. Quinone solutions of 1 mM MQ (2-methyl-3-phytyl-
1,4-naphthoquinone, Vitamin K1, Fluka) or 10 mM WQ
(Sigma or Fluka) were heated for-30 s in a microwave

signals have been used including (1) changes in the spectrunoven to dissolve the quinone. The MQ used here is a close
of the bacteriopheophytins adjacent to the quinones at 750analogue to MQor UQ,; however, the tail has one isoprenyl

or 770 nm (7, 26, (2) small differences in the absorbance
of UQa~ and U@~ at 397 nm [, 17, 27, 28, (3) changes
in the protein and quinone vibrations monitored at 1430
1780 cn! (20, 21), and (4) the recovery of P’'s competence

unit and three isopranyl (saturated isoprenyl) units on the
end of the tail. A final concentration of 1-2..6 MQ/RC
was added to a45 uM RC solution with 0.02% Triton
X-100 at room temperature. Complete M@constitution

to initiate a second turnover of electron transfer, a processwas verified by comparing RC light-initiated electron transfer

which cannot occur until ¢ has been oxidized by )29,
30). All measurements show a process with a lifetime
between 100 and 30@&s (3300-10000 s?') at room
temperature and pH-78 in native RCs oRb. sphaeroides
that has been assigned to the first electron transfer fram Q

at 430 nm before and after addition of 2-methyl-1,4-
naphthoquinone (Mg). The water soluble Mgxapidly fills
any empty Q sites, increasing the activity. Samples were
also checked for recovery of the ground state from th@ P
state withtap ~ 75 ms, characteristic of electron transfer

to Qs (7, 17, 30. Recent measurements have shown that from MQa~ to P*. If UQ is Qa, 7ap is 100 ms. Following

the reaction has other phases, with both fag@&r&nd slower
(27) components.
chromic markers which monitor the charge distribution

cannot easily distinguish between electron transfer or sec-

Unfortunately, the secondary, electro-

complete reconstitution of the [Qsite, the @ site was
reconstituted with U@ at ~ 15 UQ/RC. The final UQ
occupancy was above 95%.

Due to the competition between MQ and W@br the Qu

ondary processes such as proton transfer or protein rearsite, a small fraction of the £Bites were occupied by a Ug

rangement. However, the direct optical observation of
electron transfer from £ to Qs in Rb. sphaeroide®RCs
can be made if the ubiquinone-10 (WRin the Q site is
substituted by 2-methyl-3-phytyl-1,4-naphthoguinone @1Q
while UQyg is retained as & The spectrum of menasemi-
quinone (M@, Amax at 400 nm) is different from ubisemi-
quinone (UQ, Amaxat 450 nm) 81—33), providing a direct
monitor of the electron transfer from MQ to UQk.

The replacement of URQby MQa is expected to modify
the Q™ to Qs electron transfer very little. Although MQ is

The fraction of MQ as @ was determined from the charge
recombination kinetics given the differenkgp’s in
PTUQAUQs™ and in PMQaUQg™ RCs. Approximately
85% of the Q binding sites contain MQ with 15% U
occupancy. The differenkgp rate constants were fixed
during the two-exponential fitting.

Charge recombination kinetics were measured at 430 nm,
pH 8.0, room temperature (22 2 °C), 10 mM Tris, and
4—5 uM RC, with 0.02-0.03% Triton X-100 for four types
of RCs. Without @, 7ap iS 75 ms kap = 13.3 + 0.6/s)

140 meV harder to reduce in aqueous solution than UQ, in from P'MQ,~; 108 ms (9.3%+ 0.2/s) from PUQx~ (1.5

the Rb. sphaeroide®a site MQx and UQ, have reduction
potentials that differ by only 30 meV34). In addition,
crystallographic structure8%) and FTIR measurement36)
show that MQ and UQ have very similar interactions with
the protein. The use of MQand U@ mimics the native
guinone complement iRhodopseudomonasgidis RCs @33).
Specific quinone substitution succeeds because thsit®
in Rhodobacter sphaeroidd¥Cs has a preference for MQ
over UQ @7). In addition, menaquinone will not function
as @ when Q. is UQ or MQ, so only electron transfer from
MQa~ to UQs occurs 88).

MATERIALS AND METHODS

Protein Isolation. Rb. sphaeroidés26 reaction centers
were isolated following standard procedures using lauryl-
dimethylamineN-oxide (LDAO, Calbiochem) detergent ex-
traction followed by purification using ammonium sulfate
and DEAE chromatography®). Qa and  were removed
with orthophenathroline using the method of Okamui@) (
with minor modifications 84). This typically yields RCs
with no @ and ~5% Q.. The RC concentration was
measured at 802 or 865 nm given the following extinction
coefficients: egop = 0.288uM "t cm ™ or eggs = 0.135uM !
cmt,

stigmatellin/RC added to remove any §(@luka)). When
Qg is present, charge recombinationmp is 2.8s kgp =
0.36+ 0.4/s) from PMQAUQz™; 1.19s (0.84+ 0.01/s) from
PTUQAUQs~. The driving force AG) for electron transfer
from Qa~ to Qs can be calculated from the charge recom-
bination ratekap andkgp (30, 49. The pathway for charge
recombination in PQg~ RCs is via Q™ (at kap) S0 that
P™Qa™ Qs and P QaQs~ come to equilibriumKag) and then
return to the ground state at

kgp = Knp/(Kpg 1+ 1) 1)

In UQAUQg RCs, the reactiodG is 60 meV; in MQUQg
RCs, it is 93 meV.

Optical Measurementslight-induced absorbance changes
were measured using a flash spectrophotometer designed by
the University of Pennsylvania Biomedical Instrumentation
Group. Actinic light was provided by a 5-ns, 532-nm pulsed
YAG laser pumping the fluorescent dye LDS 751 (Exciton).
The peak of the fluorescence was at 750 nm. The laser
intensity was adjusted to provide 800% saturation of the
P* signal. The measuring light, placed perpendicular to the
excitation light, was from a 100-W quartz halogemngsten
lamp (ORIEL) with appropriate neutral density and interfer-
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ence filters and was controlled by a shutter placed before 25 T T T 1T T 3

the RC sample which was only opened during measurement.

For kinetic measurement ofaQo Qs, the shutter was opened 20 ]

for less than 10 ms. The transmitted light was detected using "E 15 _

a Thorn EMI 9798QB photomultiplier. The output from the 2

photomultiplier was amplified by a Stanford Research System 5§ 10 -
model SR445 or Comlinear Model E103 fast amplifiers. For e

measurement of the®,~Qg to PrQaQg™ electron transfer, Q5 ]

the amplified signal was sent to 2 LeCroy (model 9310M 0

300 MHz and 9304A 250 MHz) digital storage oscilloscopes,

recording and averaging different time scales. The time Sk 1 1 1 1y 1o
resolution of the measuring system was limited by the 80 ns 400 420 440 460 480

rise time of the photomultiplier tube. The time between Wavelength (nm)

flashes was +4 min and 56-60 kinetic traces were Ficure 1: Light minus dark absorbance spectra of RCs without
averaged. Qs where Q is UQy (a) or MQ; (@), RCs with MQUQg (O).

F. ; hange in optical densityA(OD) measured 1@s after the flash,
Semiquinone spectra were measured 25 ms after a single-ti2 4 uM RCs in 0.02% Triton, 10 mM Tris, 2.5 mM KCl at 22

saturating flash_, in the _preseljce of 200 f_errocene/RC. °C, pH 8.0. The RC concentration was determined from the static
Ferrocene (Aldrich) was diluted in alcohol. With ferrocene extinction coefficients at 802 and 865 nraso, = 0.288uM~1 cm*

as an electron donor to the bacteriochlorophyll dimer, charge or €ges = 0.1354M~* cm L,
recombination from PQax~ or P*QaQs~ was prevented. ) ) ] . o
Instead, a stable PQ or PQ.Qg™~ state is created which associated with & requires _subtractlon of 4~ kinetic
decays slowly, allowing clear observation of the semiquinone traces from those obtained with a matche@RQs~ sample.
signal @3, 44. The time between flashes was 10 min. About The samples, with Qalone and both Qand @ present
35 kinetic traces were averaged. were reconstituted with Qin the same tube and then spilit.
The measurements of time-resolved electrochromism as-UQs Was added to one sample. The concentration difference
sociated with the formation of quinone anions at 760 nm between the two samples is less than 1%.
were performed as described by Tiede et 26)( RESULTS
Data Analysis The LevenbergMarquardt algorithm, a
nonlinear least-squares fitting in IGOR Pro (WaveMetrics)  The Spectrum of Q,~, Qa~, and @~ in the Near UV.
was used to analyze the kinetic traces by fitting to two or From 398 to 480 nm the change in absorbance going from
three exponentials plus a constant using the standard expresthe ground state (P{@s) to the P Qs state (denoted the

sion: PTQa~ spectrum) or to the )~ state (the PQg~ spectrum)
. . is dominated by the changes in absorbance of P as it is
A(t) = Ag + A" exp(—t/ty) + A* exp(—t/r)) + oxidized. Replacing the native ubiquinone by menaquinone

A* exp(—tits) (2) has little effect on the FQa~ spectrum (Figure 1). The small
increase in absorbance below 435 nm in theMBA~
Two sets of data were recorded simultaneously by the two spectrum arises because M@bsorbs more than UQin
digitizing oscilloscopes. In the time range-20 us, 2000 this region (Figure 3a). The contribution ofyQor Q5™ to
data points were collected. This kinetic trace was fit to a the spectra can only be seen clearly by the addition of an
single exponential. In the time range-2 ms, 20 000 data  electron donor to B, such as ferrocene. The semiquinone
points were collected. These data were averaged nonlinearlyminus quinone difference spectra of WQUQAUQg ™ (Figure
so that each kinetic component has similar data density to2a), and MQUQg~ (Figure 2c) are very similar. Each of
provide a total of 2700 data points. Thus, more data points these intra-RC UQ species bears a strong resemblance to
were retained at early times. The fitting of the longer time the UQ spectrum in solution (Figure 3a3J).
scale data depended on the results of fitting the fast trace. If The peak of the UQ spectrum at 445 nm in solution
a fast component was seen in the/Z)data, the longer data  (Figure 3a) is red-shifted by 5 nm when it is WQand by
set was fit with three exponentials. The fastest rate was fixedonly 2 nm as U@~ (Figure 2a). The main features of the
from the early time data. If there was no fast phase, the UQg~ spectrum is independent of which quinone is in the
longer data set was fit to two exponentials. The following Qa site (Figure 2a,c). Thus, the peaks at 420, 445, and 460
fitting methods were used for the different spectral compo- nm in the (UQ™)—(UQaUQg") difference spectrum (Figure
nents. 2b) can be obtained simply by subtracting a solution spectrum
1. P"'MQa~ or P'UQa~ show no changes at 398 nm for shifted by 5 nm from one shifted by only 2 nm and multiplied
at least 1 ms. At times greater than 1.5 ms, the chargeby ~1.2. The only significant difference between the
recombination of PQ~ begins to be observed. Analysis of solution spectrum and the intra-RC WQand U@~ spectra
the changes that depend on the presence ®faQthis is the peak in the UQ™ spectrum at 398 nm, which is not
wavelength is carried out on the raw data. found in the UQ™ spectra. The amplitude of the absorbance
2. At wavelengths other than 398 nm, the kinetic signal difference between UL and U@~ (Figure 2b) is small
associated with @ to Qs electron transfer is very small compared to the changes associated with the oxidation of P
compared to the difference between theddd P signal. In (see Figure 1). The UL peak at the P minus P isobestic
addition, the largeAA from the flash-induced oxidation of  point near 400 nm provides the best window to follow Q
P produces a small reproducible hysteresis in the PMT tubeto Qs electron-transfer coupled processes. Unfortunately,
(r = 200us). Therefore, analysis of the kinetic processes this peak represents a still unassigned electrochromic shift



Kinetics of Electron Transfer from™, Qg to P QaQp™

Biochemistry, Vol. 37, No. 9, 1998821

g~ T 1 ‘' T T 1 T 1 8
- @] -
.". N 6
TE 5
(%]
'-‘E 4
E3
g2
1
0
1k 1 L 1 1 1 1 1 L 1 -
SE—T— — T T T T T St T T v T Tt 1 ' T 9
4k uQy - UQ,UQy b 4 MQy - MQUQy (d) ]
g 3F 7 '70 3 .
T 2t - E 2 -
€ - 1 2
g 0 N 8o /)\H‘*H
2k 0, 3 P T R R BN N

400 420 440 460 480
Wavelength: (nm)

400 420 440 460 480
Wavelength: (nm)

Ficure 2: Light minus dark difference spectrum oitM RCs with 200uM ferrocene measured 25 ms after excitation flash. This provides
the (semiquinone)(quinone) spectra for (a) PUQ(®), PUQUQs(O); (c) PMQ.~(®), PMQUQs™ (). Double difference spectrum of
(b) PUQ™ minus PUQUQg; (d) PMQy~ minus PMQUQg™. The @ occupancy was normalized to 100%. AboutBmeasurements

were averaged. Buffer conditions are the same as in Figure 1.
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Ficure 3: Semiquinonequinone difference spectra in solution
measured by pulse radiolysis in aqueous solution. (ayMG1Q ~
(solid line) 5 M isopropyl alcohol pH= 6.4; 100uM UQ~ (dotted
line) 7M isopropyl alcohol, pH= 8. (b) Double-difference spectrum
of MQ™ minus UQ'. Data taken from Patel and WillsoB%).
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Ficure 4: The kinetics of light-induced absorbance changes at 398
nm, pH= 8. (a) First 10us: RCs reconstituted with MQonly
(top), with both MQ, and U@ (bottom).z; of 3.5us was obtained

by single-exponential fitting to the bottom trace. (b) The same
transient monitored for 20@s. 7, is 87 us obtained when; is
fixed at 3.5us. Measurement conditions as in Figure 1.

troughs. There are additional features near 400, 420, and
465 nm. These peaks are found in the AJQ—- UQg™
spectrum. Howeverz15% of the RCs with UQ does not
fully account for the magnitude of the changes indicating
small shifts of the MQ spectrum as it binds to the protein,

of the quinone or other protein cofactor. It will be seen that or changes in the protein spectrum in response to the
this wavelength monitors later events as well as the electron-formation of Q.

transfer itself.
While in the nativeRb. sphaeroideRCs, Q and @ are

Absorption Changes Associated with Qg to QaQs™
Electron Transfer.When RCs were reconstituted with MQ

the same compound, so there is no primary difference in at the Q site and UQ at the gsite, at 398 nm three kinetic
their spectra. However, there is a significance difference in components were observed following the formation of
the semiquinone spectra of UQ and MQ. The maximum P*MQa~UQg (Figure 4, summarized in Figure 9a). A fast
MQ™ absorbance is at 400 nm in RCs and in solution, while absorbance change, = 3.5+ 0.9 us (3.3x 10° s7%) with

the maximum for UQ in solution, or in the Qor Qs sites,
is near 450 nm. The absorbance difference of gM)Qninus
(MQAUQsg") in MQa reconstituted RCs (Figure 2d) looks
very much like the difference between M@nd UQ in

A; ~ 45%, an intermediate phase,= 80+ 15us (12 500/
s) with A, ~ 25%, and a slow phase; = 260 &+ 50 us
(3800/s) withA; ~ 30%. These transients depend on the
presence of UQ With MQ at the Q site and no @, there

aqueous solution (Figure 3b) with the same peaks andis no change in the optical absorption for 1 ms. Vs~
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0.04 AT T T T rTTIm— T T T g since the initial absorbance amplitude for@a~ to P'Qg~
electron-transfer kinetics must equal the absorbance of the
starting state which is #),~. Having the same initial
amplitude in a closely matched pair of samples with and
without @ is the best way to check that none of the Qo
Qg reaction occurs faster than the time resolution of the
measurements. When only the slower components are
analyzed~50% of the absorbance change at 398 nm occurs
as a burst phase (Figure 4b). A predicted absorbance change
on reaction can also be derived from the difference in the
- 5 .4 3 absorbance of ferrocene-trapped Mand U@~ (Figure
10 1°T, 10 10 2) which is 4.0+ 0.4 AOD/mM at 400 nm (normalized to
ime [seconds] 100% (@ reconstituted). The sum of the initial amplitudes

Ficure 5: Absorbance changes in MQQg RCs at 757 nm and  of the 7, and 73 components is only 60% of the predicted

6 °C. Amplitude normalized ta&AOD (865 nm, Ous) = 1. Solid ; - S o
line fit to three exponentialsz, = 6.3 + 1.2 s, 7, = 205 + 55 value. Adding ther; contribution, the value is within 90%

s, andrs = 950+ 180us with relative amplitudes of 0.53, 0.39, ~ Of that expected.

0.03
8 002

0.01

0.00

and 0.08. The transient absorbance difference in Mf@Qs RCs was
also measured at 757 nm af@ (Figure 5). Three phases
1.0 T T T (Id' ) are seen:t; = 6.3+ 1.2 us, 7, = 205+ 55 us andzz =
0.0 [ ] 950 £+ 180 us with relative amplitudes of 0.53, 0.39 and
“ 4 0.08, respectively. These rates are similar to the rates
1.0 = observed at 398 nm at 5°Z wherer; = 6.6 £ 0.5us, 1,
B (dp) = 120 + 12 us andtz = 1.1 £ 0.1 ms with relative
0.0 amplitudes of 0.41, 0.27, and 0.32, respectively (see Figures
L 6 and 9b).
N L LR BRI IR ALLLLLL B The time course of the absorbance changes associated with
a ‘ the UQ~ to UQs electron-transfer reaction were also
- 4r measured at 398 nm. At this wavelength, the two slower
€ sl ratest, = 65 + 25 us andtz = 260 + 50 us seen in
T MQAUQs RCs are clearly observed. A fast absorption
E,L change a1 us, representing approximately 15% of the total
< amplitude, may also be seen. Unfortunately, this fast rate

is at the limit of the instrument response time. No absorption
A changes are seen at 398 nm from 2 tou40following the

ol s v ol b ocail vl formation of PQa~ in UQAaUQg RCs. The same results are

found in RCs where both Qand (¢ are reconstituted with

1.0 —
° s (ds) UQyo as well as in RCs when UQis retained duing the
0.0 purification procedure. Thus, the quinone extraction and
] L replacement is not the cause of the difference between the
10 - (d4) MQa and UQ RCs.
i A A “I'Mlm Two- or Three-Exponential Cue Fitting. The rate
0.0 i ] constants obtained by fitting kinetic transients depend to
Ao hand v v veend vy some degree on the analysis method. The fast component
10°® 107 107 107 71 is 23 times faster thar, so it is clearly seen in MQJQs

RCs. In contrast, the two slower components differ by only

E 6: Kinetics of absorotion ch { 308 t22 and 5.2 3-fold so are harder to resolve. Fitting a kinetic trace
IGURE 0! INetiCs of absorption change a nm a an . : :
°C. Residuals of fitting 22C data with (d) two exponentials (3.5 obtained at room temperature, 398 nm, and pH 8 (Figure

and 130us) or (db) three exponentials (3.5, 78, and 266) and 6), to three exponentlals. yieldss of 3.5, 78, and.260¢s.

5.2°C data with (d) two exponentials (7 and 496s) or () three Fitting the same data with two exponentials, giwes of

exponentials (7, 120 and 1106). 3 exponential fitting on data. ~ 3.5 and 13Q«s. The improvement with the third component
is small (see residuals in Figure 6). However, at lower

RCs, only charge recombination to the ground statexat  temperature (5.2C) (Figure 6, bottom)r, andz; are better

= 75 ms is seen. Stigmatellin, a competitive inhibitor of separated. Here, a two-exponential fit shows substantially

Time (Seconds)

Qs, removes all sub-millisecond components in M@s  more error than when three exponentials are used. The
RCs. Thus, these three components are associated witlresults at both low temperature and high pH (data not shown)
electron transfer from M@ to UQs. where the second) and third ¢s) components are better

The two slower rates;, ~ 80 us andrs ~ 260us, have separated demonstrate that there are at least three phases of
been previously reported in YQQg RCs 6, 27 (Figure absorbance changes. In addition, as will be seen bealpw,
9). 1, is faster than previously reported in isolated RCs. andrs have different spectra. Therefore, all kinetic traces
However, as seen in Figure 4 the fast phase is a significantwith Qg were fitted to three exponentials.
fraction of the processes that occur on electron transfer from  Spectra of the Three Kinetic Componenthe wavelength
Qa~ to Qs. The fast phase is clearly part of this reaction dependence of each kinetic component (the transient absorp-
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MQaUQgs RCs: A; + A, + A3 (O); double-difference spectrum measured with ferrocene as an electron donor from Fig@g 4d) (
UQaUQg RCs: A; + Ag (A) double-difference spectrum from Figure 2k)( Results in ¢ and d normalized to 100% kIQ
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Ficure 8: Temperature dependence of each kinetic component. The activation enEgpae (n kcal/mol. MQUQg RCs: (a) Arrhenius
plot for k; = 1/r; (W), k; = 1/7, (@) andks = 1/r3 (O). (c) Percentage of the totAlA (=A; + A; + Ag) at Ay (W), A, (@), andAg (O).
UQaUQg RCs: (b) Arrhenius plot fok, = 1,7, (®) andks = 1/r3 (O). (d) Percentage of the totAlA (=A; + As) at A, (®) andAg (O).
The conditions were the same as in Figure 3 and all data were measured at 398 nm.

tion difference spectrum) can provide the information to after electron transfer. This slow phase accounts for 30%
identify the reaction occurring at this rate. In MQQg RCs, of the total change at 398 nm in MQQs RCs.

the shape of the transient absorption spectra with lifetimes The sum of the three components are in reasonable
of 3 and 8Qus (Figure 7a) largely matches the shape of the agreement with the difference spectrum predicted from
MQ™ minus UQ spectra in solution (Figure 3b). Thus, 60% ferrocene-trapped ML minus U@~ (Figure 7c), especially

of the electron transfer from MQ to UQs occurs with a around 400 and 450 nm. At other wavelengths, while the
lifetime of 3 us while the remaining 40% of the MQ shape of the spectrum matches qualitatively, there are
transfers its electron to U§dn 80 us. In contrastrs (200— differences between the amplitudes of the two curves (Figure
600us) is only measurable near 400 or 450 nm. Thus, the 7¢c). The reason for the mismatch is unknown. One
slow rate monitors other changes in the protein occurring explanation for the static difference of MQ minus U@~
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Ficure 9: Summary of measured time constants of electron transfer fromt@Qgs and associated processes: (A) at room temperature;

(B) at 4-6 °C. Black boxes are assigned to electron transfer and hatched boxes are assigned to proton uptake or protein rearrangement. The
possibility of a fastr; in UQa RCs is shown by the dashed border. The gray boxes are from measurements where the process monitored
by a kinetic transient has not been assigned. Single-exponential fit to data at 750 nm: 1ghteend Clayton {7); 2. Wraight {7); 3.

Kleinfeld et al. B0). Double exponential fit of data at 757 nm: 4. Tiede et 26)( At 397 nm: 5. Takahashi et al27). Double-flash

method: 6. Leibl et al.48); 7. Mathis et al. §2). FTIR measurements at 1725 tin 8. Hienerwadel et al20); 9. Hienerwadel et al 2(1).

of 71 is 3.8+ 1.1 kcal/mol (Figure 8a) with a pre-exponential

Table 1: Summary of Activation Energiek
i gieRd factor of (2.2+ 0.3) x 10°s™1. The activation energy af,

RC\time . . .
constantat 22C  1i=3.5us 1,=80us 5= 200-600us is3.4+ 0.6 kc_al/mol with a pre—expongnual factor of.(5.0
+ 0.3) x 10° s (Table 1). The activation energy of is
MQaUQs (kcal/mol) 3.8+41.1 3.4+0.6 7.1+13 71+ 1.3 keal/mol
UQaUQs (kcal/mol) 27+1.2 9.5t1.4 ) ) )

DISCUSSION

being bigger than the amplitude change obtained from the
kinetic results (Figure 7c) is that the trapped semiquinone
spectrum was measured 25 ms after the flash rather than El€ctron Transfer from @ to Qs When Q Is MQ. The

being limited to the 2 ms observed in the kinetic measure- @nalysis of the kinetic components of the spectral changes

ments. Thus, the static states of MQand UQ™ in RCs in the 398 to 480 nm region reveals three time scales for
where charge recombination is blocked may include ad- €Vents connected to the electron transfer from.mM@ UQs

ditional proton uptake or protein conformational changes that (Figure 9). Electron transfer in M(QRCs occurs in the two
add to the difference spectra. faster phases, with I|fet_|m_es of 35 0.9 us _(rl) and 80+

In UQaUQg RCs, the only evidence for the fast component ;Sﬂs (2) a.t 22°C. The Ilfet!me correlatgd dlffergnce spectra
71 is found near 400 nm where the expected absorbance!l RCS (Figure 7a) look like the static MQminus UQ
changes are the largest. The shape of theu$5s2) spectrum in solution (Figure 3b31). This clearly identifies

component (Figure 7b) is very close to the spectrum predictedthese components as individual phases of electron trahsfer.
from the ferrocene-trapped semiquinone spectrum (Figure 1€ rate and pH dependence (not shown) of theu$0-

2b). While the amplitude at; has a spectrum similar to component is close to the traditionally assigned single
¢ lifetime for the electron transfer from UQ to UQs of 100~

in the 398-435-nm range, its amplitude is close to zero a ,

wavelengths longer than 450 nm (Figure 7b). The 398-nm 300us (7, 17, 30. However, th? 3*3, phase Is faster 'Fhan

peak in ther, andrs difference spectra do show the oxidation What has been previously described in isolatedsdQntain-
ing Rb. sphaeroideRCs (Figure 9), although similar rates

state change of UL (Figure 7b). However, the lifetime - ) )
correlated spectra shows that these kinetic components follow2nd @mplitudes for biphasic UQ to UQs electron transfer
have been seen in chromatophors, @46. Similar fast rates

different shifts in the free-radical anion or protein spectra ; 3 :
have been reported for natiRps. viridis RCs, with electron

near 450 nm. The sum of the amplitudesratand 73 - ) o>
qualitatively matches the spectrum predicted from the static fransfer from MQ™ to UQs, occurring with lifetimes of 6
us at pH 7 and 3@s at pH 8 in membrane fragmen#7}

Qa~ and @~ spectra (Figure 7d). 4 1845 in whol lls 48 H7. Possibl hani
Temperature Dependence of Processes Associated with th?hn i Bus in Ivc\jl tﬁ €ce d_s‘ff ) ‘?t pt : il %SS' em dec ?jnk;srrs
Electron Transfer from @ to Qs. The temperature depend- at can yie ese distinct rates will be considered below.
ence of the kinetic components was measured between 0 and Bothz, andr are also seen in the electrochromic response
o i . of the BPh, measured at 757 nm in MQCs. This
27 °C in both MQUQs and UQUQgs RCs (Figure 8 and
Table 1). The pH of the Tris bUfferoChangeS frompH 810 2 g Graige, G. Feher and M. Y. Okamura (Physics Department
8.6 over the temperature range-22°C. However, mea-  of University of California at La Jolla) determined the recovery of P's
surement of the rate as a function of pH shows that this competence to initiate a second turnover of electron transfer in the

P i M presence of cytochrome in MQAUQg reaction centers (RCs). This
should have negligible effect. In Qs RCs, the cannot occur until @ has been oxidized byg)29, 3Q. Their results

proportion of the electron transfer that occursaioes ot gypport the finding that a significant fraction of the reoxidation af Q
change with temperature (Figure 8b). The activation energy occurs faster than 10s in these RCs.

Biphasicity of Q Qs — QaQs~ Electron Transfer
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wavelength is near the isobestic point for theQR~ selectively to charge compensation evedts 4. A small
spectrum, and as discussed previoushp, (45, 49, it fraction of the changes at 398 and 757 nm may occur faster
monitors the electrostatic perturbation of the BPh optical than what can be measured X 4s). However, any burst
absorption associated with the formation of thg Qtate. phase accounts for at most 15% of the signal.

Charge-compensating events will attenuate this signal, and Nonelectron-Transfer &nts Occurring atr, and 7z, It
differences between the electron-transfer and charge-is not possible to assign the source of the nonelectron-transfer
compensating events will add kinetic complexity. However, components from the near-IR or near-UV spectra. However,
the close correspondence between the lifetimes determinechrevious studies have identified processes such as proton
in the near-UV and at 757 nm supports the interpretation transfer and protein relaxation occurring with lifetimes
that changes at this near-IR wavelength primarily detect similar to 73 which may underlie the spectral changes

electron transfer. The relative amplitudes of the kinetic opserved here. Thus, Hienerwadel et 20,(2]) have made
components in the near-UV and at 757-nm need not be thetime-resolved IR measurements in natiRé. sphaeroides

same, since the near UV and 757 nm signals need not haverCs (4°C, pH 7-7.5) under conditions where here is

the same dependence on dielectric and protonation state;20 + 15 us andrs is ~1 ms (Figure 9b). Several peaks
changes in the cofactor surroundings. between 1780- and 1430-chchange with lifetimes of170
There is a third kinetic component present near 398 nm, s (r;, = 120us). The carboxylic acid group of Glu L212
73 = 200-600 us (22 °C), which also depends on the (1725 cm?) was protonated in 26@s (25%) and 1.4 ms
presence of a functionaldQ The spectrum of the absorbance (75%) @1). The 1706-260.us component, comparable tp
changes associated with shows clearly that this is not  here, was assigned to events that occur with the electron
electron transfer (Figure 73.) Thus, electron transfer and transfer itself and the slow componemt here) represents
slower protein responses are kinetically well-separated in |ater proton transfers or conformational changes. In addition,
MQa containing RCs. A kinetic separation is also seen in pH indicator dye shows Huptake at16-10¥s? following
the near-IR transient spectra. Measurements at 770 nm (datg+Q,~ formation @9). Other methods also show transients
not shown) with lifetimes at 8C of approximately 6Qs on the time scale of; that appear to be protein relaxation
and 2 ms show a distinct lag compared to those at 757 nmfollowing electron transfer. The electrochromic shift of the
where the lifetimes are 6.6, 205, and 9B6. Previous  BPh absorbance that monitorg Qformation is diminished
measurements in chromatophores have shown that the 7703t 106-300 us (20 °C). This is indicative of protein
nm transients reflect quenching of the electrochromism rejaxation screening BRHfrom Qs (45). Brzezinski et al.
associated with the £ state, while transients at 757 nm gpserved a voltage change with~ 200 us (at 20°C)
monitor both electron transfer and charge-compensatingfoliowing the formation of PQa~ or PrQs~ (50). This
events 45, 4. Hence, measurements in the near-UV and component diminished the total voltage change for the
near-IR both support the conclusion that the changes at  formation of PQx~ (a 23 A distance) by about 10%.
are mostly due to electron transfer, and electron transfer and Activation Energy of the Eents Associated with Electron

charge compensation are _mixed ip while little or no Transfer from @ to Qs. Both phases of the electron-
electron transfer occurs a§ in MQAUQe RCs. transfer reaction have relatively small activation energies of

Electron Transfer from @ to Qs When Q Is UQ. 3—4 kcal/mol whileE, is significantly larger forr; (Table
Measurement and assignment of Qo Qs electrontransfer 4y - there are few earlier-published values for the activation

and accompanying nonelectron-transfer events is significantlyenergy of the electron transfer fromQto Qs. Mancino et

more _d_ifficult with RCs containing UgJQg _than th(_)se al. (42) measured a value of 14.3 kcal/mok§ = 200us at
containing MQUQe. Rather than a change in the primary 754 nm) - significantly larger than the, for .. Their

optical signal the UQ™ absorbance is simply red-shifted 3 1, o55;rements were modeled by a single exponential, mixing
nm relative to UQ™. UQa" is also associated with an . anq7. - A single-component fit of the data reported here
absorption peak near 398 nm, which is an isobestic point of {01, 0—-2 ms yields a value of 8.1 kcal/mol. Recent
the P'—P signal. The origin of this peak is unknown, but it measurements at 757 nm in WACs are in better agreement
appears not to be a property of the U@self, and hence iy, the results reported here, with Ea= 4.5 kcal/Mol
apparently arises from an electrochromic response of another_ 55 4 us at 20°C) andE, = 11 kcal/Mol ¢ = 210-240

RC cofactor to the oxidation state ofaQ In addition, the s at 20°C) (26), identified with 7, and s, respectively.
assignment of changes at 398 nm to processes occurring afte‘lrl ’ ’

electron transfer must be considered inAl@s RCs since  kinetic Models That Yield Two Rates for Electron
this wavelength is seen to report nonelectron-transfer eventsyt gnsfer from Q toQs
in the MQ.UQs RCs.

Optical transients in RCs with UQUQg show kinetic The electron transfer in MQ RCs has two distinct,
components comparable t and 73 in MQAUQgs RCs temporally well-separated, kinetic components: 3.%.9
(Figure 7b). In contrast to the results in MQQg RCs, there  us (60%) and 80+ 15 us (40%). Two different kinetic
is less distinction between the spectrarpfand 3 (Figure schemes can account for the observed rates, each of which
7). The coincidence of the kinetics of electron-transfer and requires two populations of RCs. In a series or gated
charge-compensating events in J@Dg RCs is also sup-  mechanism (Scheme 1), the 88-phase represents trans-
ported by measurements in the near-IR. These showformation from an inactive (R{} to an active (RQ state
equivalent, complex kinetics occurring on the time scales which then undergoes electron transfer i Initially,
of 7, and 73 throughout the near-IR region, including 60% of the RCs are in the active state. In a parallel
measurements at 757 nm monitoring both electron transfermechanism (Scheme 2), both populations undergo electron
and charge compensation, and at 770 nm which responddransfer at 3us (RG) and 80us (RG), respectively. The
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Scheme 1
Electron
P, O s PO, Q1) i) Q0T
A Q8@ 5oy B A Qal) 53 FOaQg (1)
40% 60% 100%
Scheme 2

Electron transfer (3.5 ps)
P*Q,"Qg(1) —> P*Q,Qp7(1
60% B soon A8 (!

Li et al.

ucts, A the reorganization energy, R the distance between
the electron donor (& and acceptor (&), S the fall-off of

the rate with distancd, the temperature, arlg Boltzman’s
constant $1—-54). For this reaction, the-AG of 60—90
meV is much less thai, which is estimated to be 760
1300 eV 63, 55. The rate will increase asAG approaches

A. A reduction in1 of ~300 meV or increase in exother-
micity of ~200 meV could increase the rate by 20-fold.
Alternatively, if 5 is 1.4 A1 (53), a 2.7-A change in distance
from Qa to Qs could account for the difference in rates

Population
exchange ?
(>>80 us)

o Electron transfer (80 us) -
P*Q,"Qp2) ~>P*Q,Qg7(2)
40% A B J0%, AGB ¢

extrapolated to-AG = 1 of 2.2 x 1% s (for 7;) and 5.0
x 1CP s71 (for 1,) (see Results Section). The rates extrapo-
lated to infinite temperature provide the estimates of the rates
equilibration of the two forms of RCs would occur on atime at —AG = A (Figure 8).
scale much longer than 8. While the data appears to
favor a gated mechanism, we cannot yet rule out the parallelwhat Might Yield RCs with Different Electron-Transfer
scheme. Rates

Data Supporting the Gated Mechanisrilere electron
transfer occurs in @s, while changes in the inactive fraction Electron transfer from @ to Qs occurs at more than a
of protein required for electron transfer determine the  single rate in all RCs. The rates vary by at least 20-fold. If
lifetime. As described above, while spectral changes in the electron transfer is mixed into the processes occurring, at
near-UV show electron transfer occurs at batandzr,, there the rate would vary by more than 100-fold. We do not yet
are no changes at at 770 nm, a wavelength which only know what causes RCs to switch from one rate to another.
monitors protein relaxation but does not respond directly to However, a number of perturbations have been found to
electron transfer. However, changes at 770 nm do occur atchange the distribution of rates. In WQQg RCs, the
72. Thus, changes such as proton distribution or protein electron-transfer rate changes from faster and clearly biex-
conformation occur in the second phase of electron transfer.ponential in chromatophores to slower, more nearly single
In the gated model, these changes are required and determinexponential in purified UQ RCs @6, 45, 4. At room
the rate for electron transfer in R&Cs. temperature, electron transfer and relaxation events are mixed

Data Opposing the Parallel MechanisnCharge recom- in this single phase. Since relaxation processes have a larger
bination from the PQ,Qg~ state ksp) can measur& g, the activation energy on cooling, electron transfer becomes more
equilibrium constant between,QQs and QQs~ (egn 1). clearly separated from other events (Figure B, (45.

ksp in the MQLUQg RCs is close to a single exponential, so Dehydration of isolated UQRCs by increasing the solution
there is little difference betweédag in the populations of  osmotic strength shifts the electron transfer toward the more
RCs that react at; and 7. The most straightforward native fasterr; and 7, lifetimes 26). These are global
explanation is that there is only onet@.Qg~ state, changes to the protein surroundings and so do not point to
supporting the gated mechanism. The parallel mechanisma specific molecular switch between the RC forms where
requires either similakag’s in RC; and RG or a conforma- electron transfer is at; andr, or those where it is at, and
tion change after the formation ofgQ but before charge  7;. For reasons that are not yet understood, reconstitution
recombination €1 s) yielding one PQAQg~ state. The 60: of MQ into the Q site in isolated RCs yields electron-
40 population of Rgand RG would need to be restored transfer kinetics that appear to be closer to the in vivo
during the 2 min between flashes. reaction than that found in isolated WRCs. The similarity
Data Opposing the Gated Mechanisivluch of the data  of the kinetics could be fortuitous, or it could be a reflection
supports a mechanism where the electron transfer occursof the preference of the site for MQ. MQ binds more tightly
from one population of RCs. However, two pieces of data than UQ to the @ site in isolated RCs37) and is preferred

are difficult to accommodate in this mechanism. Hador at this site in bacteria such &ps.viridis, which synthesize
the 80xs component is only 3.4 kcal/mol, the same as for both quinones 33). Alternately, reconstitution with the
the 3us phase. Thus, whatever changes occut,ato larger MQy may remove bound water, producing effects

transform RG to RC, must be accomplished with only a similar to that seen in isolated RCs at high osmolarily where
small activation energy, although there may still be a 7;is seen26). The ability to switch the proportion of fast-
substantial entropy of activation. Also, the relative amplitude and slow-reacting RCs by quinone replacement will provide
of the two phases does not change with temperature (Figurean opportunity to characterize the changes in the RCs that
8). This requires a negligible enthalpy difference between yield the different rates in future experiments.

RC, and RG to maintain the temperature-independent Differences between RCs with MGnd UQ. The
equilibrium constant. distinctly different patterns of transient near-UV and near-
Variation in the Kinetic Parameters That Distinguish RC IR spectra for UQUQg RCs and MQUQg RCs suggest that
and RG. If electron transfer is rate-limiting for;, then these RCs differ in the rate-determining steps for electron

electron-transfer theory can provide a rough estimate of thetransfer from Q™ to Qs. Inisolated UQUQg RCs at room-
differences between R@nd RG that could yield a 20-fold  temperature, both electron- and nonelectron-transfer events
slowert,. Inthe simplest formation of the theory by Marcus are distributed over the andzs lifetimes, while in MQUQs

kag = Ce R exp(—(AG — 1)%4AksT)), whereC ~10%/s, RCs electron transfer occursatandz,, while nonelectron-

AG the free-energy difference between reactants and prod-transfer events occur at, and z;. This difference is
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unexpected. Many previous experiments have shown thatstrong interactions7d). X-ray crystal structures oRps.

MQa RCs behave similarly to UQRCs. Structural com-
parisons show (1) similar interactions betweexn &d the
protein in the crystal structures &ps.viridis RCs where
MQ is the native Q and inRb. sphaeroideRCs with UQ,

viridis RCs show two sites for the competitive inhibitor
o-phenanthroline, and seven sites for ubiquinon&s). (for
review see reB5). For Rb. sphaeroide®RCs, Allen et al.
(76) and El-Kabbani et al.7(7) located @ at a position close

(39), (2) the same hydrogen bonding pattern and cofactor to where it is found inRps. viridis RCs @5) in an inner

orientation in Rb. spheroidesRCs with native UQ or
reconstituted MQ (personal communication, Guenter
Fritzsch), and (3) similar protein changes for both AJpd
MQa in Qa~ minus Q FTIR difference spectra iRb.
sphaeroidefRCs 66). In addition, functional studies show
(1) the free energy for electron transfer from MQo UQs
is only 30 meV more favorable then that with W{2) the
quantum vyield for electron transfer from BPto MQa, is

100% even at cryogenic temperature where the quinone must"

be rigidly held in the binding site5¢), and (3) electron
transfer from MQ™ to P is as well-characterized by a single

binding site. In contrast, Ermler et alZg) and Stowell et
al. (79, 80 have found @ ~3.5 A further away from Qin

the hydrophobic entrance of theg®@inding pocket. The
qguinone is in the inner site in light-activated RCs and the
outer site in dark-adapted protei80j.

In the gated mechanism, the quinone must move between
the binding sites that distinguish R&om RGC; in 80 us
ith an E, of only 3.5 kcal/mol. There are negligible
differences in the protein in structures with and without Q
(35) or with the quinone in different location8@). This is

exponential as in native RCs even at cryogenic temperaturesCO”S'Stem with a low barrier for quinone relocation. How-

(58). FTIR measurements of the hydrogen bonding of MQ

and UQ show the clearest differences between the quinones.

One of the UQ carbonyls shifts by30 cnt! and the other
by <5 cm~* when it is bound to the Qsite. Thus, UQ~

ever, the position of the tail in the “light” and “dark” adapted
structures shows the quinone flipped by 1&fbng an axis
between the quinones@nd G (35, 80. In the inner site,
O, is hydrogen bonded to His L190, while; @ closer to

appears to make 0n|y one, strong hydrogen bond, probab|ythe His in the outer site. For this rearrangement to convert

with the proximal carbonyl (¢) (59, 6Q. In contrast, MQ~
carbonyls each shift by10—20 cnT?, so it appears to make
two hydrogen bonds5@). This raises the possibility that
the second hydrogen bond could fix @mly in the correct
position for rapid electron transfer.

Possible Sources of Heterogeneity in the Bocket.
Measurements of the electron transfer between P and Q
suggest there is only small functional heterogeneity far Q
(61—64). Extensive analysis of the charge recombination
to the ground state in'f®,~ RCs at room temperature shows
that the kinetics for this reaction can be fit with two rates
that vary by at most a factor of I, 65, 6§. The free
energy of the  state can be estimated from the rate of
the charge recombination in"®,~ RCs reaction when Q
is replaced with quinones150 meV lower in potential than
UQa (34, 65-69). Heterogeneity in the £ free energy of
~20 meV inRb. sphaeroide$65) and~ 30 meV inRps,
viridis RCs 66, 70Q has been found. It seems unlikely that
this small difference in reaction free energy is sufficient to
account for the 20-fold difference betweenand ..

Differences in hydrogen bonding of the quinones could
change the electron-transfer rates. Only one of the two Q
carbonyls is needed for functio®q, 58, 71, 72 A Qa~
with stronger hydrogen bonds will be more rigidly held in
the site, which may reducg, facilitating faster electron
transfer. His M219, the proximal hydrogen bond donor, is
a ligand of the non-heme iron connecting thge ghd @
sites @5, 54, 73. Differences in this bridge for electron
transfer, in Rgand RG, could modify the rate by changing
e PR (53, 59.

Possible Sources of Heterogeneity in theRpcket. Two
electron-transfer rates, each wittb0% of the total ampli-
tude, could result from two gbinding sites with similar
quinone affinities. In the parallel mechanism, both sites
would be active; in the gated mechanism, movement from
inactive to active site occurs a. Several distinct binding
sites have been shown. FTIR measuremeni@binsphaeroi-
des RCs suggest 25% of £x have weak interactions

RG; into RG, it needs to occur in 8@s with a 3-4 kcal
enthalpy of activation. The large difference between the
qguinone orientations in the light and dark structures may
make this difficult. In the parallel mechanism, both binding
sites would be active. Howevefag must be similar at each
active sites to maintain a single rate for charge recombination
from P*Qs~ (ksp). This seems unlikely since there are two
possible hydrogen bonds tas@n the inner site and one in
the outer site{8—80). The electron transfer could occur to
both locations, with the semiquinone moving to occupy one
site. This also requires release of Qfrom the pocket so
that it can flip over.

Possible Sources of Heterogeneity in the Proteirhe
complexity of the electron-transfer kinetics from Qo Qs
may reflect heterogeneity of the electrostatic environment
of Qg. This region of the protein is characterized by an
interconnected group of acidic residues including Glu L212,
Asp L213, and Glu H17316, 16, 23. Calculations of the
proton occupancy of these residues show several protonation
states with similar energies, indicating RCs may exist in a
variety of substates. Glu L212 is the nearest acid in the
cluster to @ and its ionization is predicted to destabilize
Qs~, disallowing electron transferld, 22. Calculations
predicted a role for this acid in the formation o£Q(22),
subsequently confirmed by FTIR and time-resolved IR
measurements showing the acid undergoing substoichio-
metric protonation (0.30.6 H"/RC) at~t, (21, 23. These
measurements could support a role for Glu L212 in a gated
mechanism where protonation of this site controls the rate
of the electron transfer at. The remaining fraction, ifitis
protonated in the ground state, could react;dtl5, 16. In
addition, 7, depends on pH, slowing above pH 9. Thus,
proton uptake is important in this phase of electron transfer
(7, 27, 30, 8). In contrast, no significant pH dependence
att, is observed from pH 611 (data not shown). Interest-
ingly, the fast, microsecond electron transfer from M@
UQg in nativeRps.viridis RCs also shows only a weak pH

between the protein and quinone carbonyls, while 75% havedependence48, 82.
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