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ABSTRACT. We report time-resolved optical measurements of the primary electron transfer reactions in
Rhodobacter capsulatusaction centers (RCs) having four mutations: Phe(L18T)yr, Tyr(M208)—

Phe, Leu(M212)— His, and Trp(M250)— Val (denoted YFHV). Following direct excitation of the
bacteriochlorophyll dimer (P) to its lowest excited singlet state P*, electron transfer to the B-side
bacteriopheophytin (k) gives PHg™ in ~30% yield. When the secondary quinonegQite is fully
occupied, PHg™ decays with a time constant estimated to be in the range ef3lL. In the presence

of excess terbutryn, a competitive inhibitor of Qinding, the observed lifetime ofPlg~ is noticeably
longer and is estimated to be in the range ef4ns. On the basis of these values, the rate constant for
P™Hg~ — P™Qg~ electron transfer is calculated to be betweef? nsy* and ~(12 ns)y?, making it at

least an order of magnitude smaller than the rate constam{2®0 ps)? for electron transfer between

the corresponding A-side cofactorstf®.~ — PtQa™). Structural and energetic factors associated with
electron transfer to Qcompared to @ are discussed. Comparison of theHg ™ lifetimes in the presence

and absence of terbutryn indicates that the ultimate (i.e., quantum) yield@¥ Formation relative to

P* is 10-25% in the YFHV RC.

The bacterial reaction center (RG@3 a membrane-bound P
pigment-protein complex within which a series of electron
transfer reactions takes place on the sub-nanosecond time
scale to convert light energy into chemical potential energy.

The pigment cofactors are arranged with macrosc@pic Bs Ba
symmetry and consist of four bacteriochlorophyll molecules

(B), two of which form the dimeric primary electron donor

(P), two bacteriopheophytins (H), and two quinones (Q) Ha Ha

(Figure 1). These cofactors are embedded in polypeptide
subunits L and M, also arranged in a nea@ly symmetric
fashion, and give rise to the so-called A side and B side (or
branches) of the RC1(5). Upon absorption of light, P*

transfers an electron withinr4 ps to H utilizing Ba in Qe N Qa

parallel mechanisms as a discrete and virtual intermediate. Fe

The Ha anion subsequently transfers an electronB00 ps Figure 1: Arrangement of the RC cofactors, as determined by

to Qa, leading to PQ,~ formation with an overall quantum  X-ray structures of RCs frorRhodopseudomonadridis andRb.
yield of ~1. sphaeroideg1-5).

_ A working model for the wild-type RC in which B, electronic matrix elements for charge separation to the two
is below P* in free energy and'Bg" is above P*is shown  sides (2-21), is thought to govern unidirectional electron
in Figure 2A 6—13). Such a difference in the free energies ransfer to the A-side cofactors. Recent work has shown that
of the P'B™ states, coupled with possible differences in the gjectron transfer to the B side can be elicited by several
means, including increasing the free energy tBR™ and/

"This work was supported by Grant MCB-0077187 from the OF reducing the free energy of Bg™ (12 13, 22—34). Figure
National Science Foundation (D.H. and C.K.) and the U.S. Department 2B gives a schematic free energy level diagram for some
of Energy, Office of Biological and Environmental Research, under mutant RCs in which electron transfer tog Hhas been

Co¢”&%§hﬂé?§618a}5gg{js (P.D.L. and D.K.H.). observed. There is an15% vyield of PHg~ formation

8 Argonne National Laboratory. in theRhodobactefRb) capsulatudDH mutant G(M201)D/
! Abbreviations: P, bacteriochlorophyll dimer,End Bs, mono- L(M212)H, where an Asp is placed neak Bt residue M201
meric bacteriochlorophylls; Hand Hs, bacteriopheophyting3, bac- (replacing a Gly) and a His is placed neat 22). A His at

teriochlorophyll incorporated for bacteriopheophytin at thesie; Q. . ?
and @, primary and secondary quinone acceptors, respectively: RC, M212 causes kito be replaced with a bacteriochlorophyll

reaction center. molecule denotefd (35—37). Electron transfer to the B side
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A. Wild Type B. YFH and KDH Deriphat 160-C for protein solubilization and purification.
P'Bg” In YFHV RCs, we reported &6 s time constant probing
o ¢P+BB_ o P+BA_¢ (at 860.nm) the decay qf b_Ieaching of the Ion_g wavelength
. \,BA_ o 4 \ absorption band of P. This time constant is assigned @sP
P'Hg P'B — ground state charge recombinatidst) P*Qg~ is dis-
P*HA™ tinguished from the PQs~ state by a much longer lifetime
by l . / l for the former, on the order of seconds or tens of seconds
PO QL depending on conditions, as opposed to a lifetime-200
A ms for PrQa~ (reviewed in refs$57 and58). Upon addition
of excess terbutryn (a competitive inhibitor of @inding)
to YFHV RCs, the>6 s component is completely sup-
pressed. Notably absent, also, are kinetics occurring on the

FiGure 2: Schematic energy level diagrams for (A) the wild type millisecond time scale, confirming that,Qs absent, as
and (B) the YFH and KDH mutant RCs. In the mutantsBR~ is expected. The yield of g~ — P"Qg™ electron transfer

higher in free energy than in the wild type, antBR - lower. The was estimated to be quite high in these experiments, possibly
double-headed arrows reflect uncertainty about whether these stategpproaching 80%. However, multiple recycling of the RC

are slightly above or slightly below P*. photochemistry during the relatively long7 ns excitation
flashes will contribute to an accumulation of a population
in the DH mutant is suggested to result from a 3880  of RCs in the PQg" state that is larger than the population
meV destabilization of FB,~ caused by the presence of Asp-  that actually results from a single turnover of the RC.
(M201) @2 24, 25). Upon further introduction of a Lys To directly measure the rate and yield 6HR~ — P Qg™
residue near B(replacing a Ser at L178 to give the KDH  electron transfer, we have carried out an extensive series of
mutant), the yield of PHg™ is increased to-23% @3). This ultrafast transient absorption experiments on YFHV RCs in
increase is ascribed to the added effect of reducing the freethe presence and absence of terbutryn. As noted above, using
energy of PBg™. Similar manipulation of the free energies the detergent Deriphat 160-C to solubilize the RC directly
of these states is accomplished in the YFH mutd®,(  yields samples with full occupancy of the;®Gite 66). With
where the native Tyr residue at M208 is replaced with a Phe thjs critical element in place, ultrafast transient absorption
and the native Phe residue at L181 is replaced with a Tyr measurements that probe for electron transfer toate
(again along with the Let His replacement at M212).  readily possible without the intractable complication of partial
Calculations and experiments had previously shown inde- and unquantifiable @reconstitution in RC samples at the
pendently that the residues at M208 and L181 have an effectrelatively high concentration needed for these experiments
on the respective free energies offR~ and PBg™, and  (~354M). Use of the detergent Deriphat 160-C appears to
specifically that a nearby Tyr would have a strongly result in some differences in the rates or yields of some of
stabilizing effect 6, 7, 32, 38—50). An ~30% yield of  the primary electron transfer reactions (but not théig
electron transfer to klis found in the YFH mutant12). yield). These differences and a more complete description
In recent work, we advanced these studies the next logicalof the primary events in YFHV, YFH, and wild-type RCs
step and showed that the RC will support electron transfer in Deriphat and as compared to the same RCs in the detergent
further along the B-side pathway to cofactos.@his result lauryldimethylamineN-oxide (LDAO) will be described in
was initially observed in nanosecond-flash experiments on detail elsewhere59). Here we focus specifically on'Pig~
the Rb. capsulatuDHV mutant 61); the additional “V” — P"Qg™ electron transfer, with a goal of, first, demonstrat-
mutation changes the native Trp residue at M250 to a Val, ing evidence for this process from changes in the transient
which inhibits binding of Q (52—55). In similar nanosecond-  absorption decay kinetics of Pz~ and, second, determining
flash experiments on th&b. sphaeroideDHW mutant the rate and yield of this reaction. The results are discussed
(where the D and H mutations are equivalent to the onesin comparison to the known-200 ps time constant and
described above @ W atM260 is used to inhibit binding ~ ~100% vyield for PHA~ — P"Qa~ electron transfer on the
of Qa), a very small amount<{3%) of P'Qg~ formation A side of the RC.
was reported34). Since Q is lost during the normal course
of RC purification, it was reconstituted in both of these EXPERIMENTAL PROCEDURES
studies by addition of an excess of ubiquinone, with the |nitial construction of théRb. capsulatu¥ FH mutant and
M250 or M260 mutation preventing simultaneous reconstitu- subsequent addition of the Val mutation at M250 to give
tion of the Q site. A premise of both these studies is that, polyhistidine-tagged YFHV RCs have been described previ-
with Qa absent, formation of FQs~ derives solely from  ously (12, 56). All of the samples studied here, YFHV, YFH,
P"™Hs™ — P"Qg™ electron transfer (i.e., from some amount and the wild type, were prepared using the detergent Deriphat
of initial charge separation to the B side) since the normal 160-C to solubilize the protein from strainsRb. capsulatus
P*Qa~ — P"Qg™ pathway is unavailable. that lack LHI. Experiments were conducted on RCs in a
With an ~30% vyield of PHg™, the Rb. capsulatu¥FH buffered solution consisting of 10 mM Tris (pH 7.6), 0.05%
mutant RC affords the best opportunity to date to explore Deriphat 160-C, and 100 mM NaCl. A small aliquot of each
further details of B-side electron transfer tg.Qo this end, sample was used in the nanosecond-flash experiments we
we recently investigated YFHV RCs (V at M250) isolated reported previously that demonstrated tha@Qp~ forms in
with Qg fully occupied from a strain oRb. capsulatushat the YFHV and YFH mutant RC$5g). The larger remaining
lacks LHI (56). With LHI absent, RCs that have full QQ portion of each preparation was used in the experiments we
occupancy can be obtained by use of the mild detergentreport here. On the basis of the various control measurements

P*Hg"

vy
Ground State Ground State
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described in detail previoushb6), the samples we report N ' T ' '
on here are known to have full occupancy of the $ite 0.04
and, in the case of YFHV RCs, full depletion ofaQThe

RC samples used here had an absorption at 865 nm that
ranged from 0.9 to 1.05 (2 mm path length) corresponding
to ~35 uM RCs. To obtain YFHV RCs devoid of £
terbutryn was added from a 40 mM stock solution in ethanol -e-e YFHV
to a final concentration of1 mM. The YFHV sample with 0.04
no additions (fully @ occupied) will be called throughout

simply YFHV. The YFHV sample with terbutryn added will ! . :
be called YFHWtb. B

The time-resolved transient absorption instrument is based 0.0aL
on an argon ion-pumped regeneratively amplified Ti:sapphire PR,
laser and optical parametric amplification system operated baer ™\ / ‘;
at 10 Hz. The RCs were excited with130 fs pulses at 860 0.00 : &
nm and probed with~130 fs “white-light” flashes. The I Y
excitation pulses were defocused and/or attenuated so that \ [ Toouve
<30% of the RCs were excited on a single flash. A 2.5 mL 0041 W —widtype
sample of RCs, held in a reservoir cooled in an ice bath,
was flowed throug a 2 mmpath length cell at sufficient
speed that fresh RCs were delivered into the excitation region

Ficure 3: Comparison of the Q and anion region transient
between the 10 Hz laser flashes. Compared to the 2.5 mI‘absorption difference spectra of YFHV, YFHWb, YFH, and wild-

volume, only a fraction of a percent of the sample generatesype RCs. Panel A shows the (normalized) P* spectra acquired 0.5
P*Qg~ on a single flash. Dilution into the 2.5 mL volume ps following excitation with~130 fs flashes at 860 nm. Panel B
of a flowed sample ensured that these RCs did not result inshows spectra taken atl00 ps (each of the three mutants) and at
a “before-zero” signal in the ultrafast experiments despite ~20 Ps (wild type), multiplied by the same individual factors that
the 6-10 s lifetime of PQs~. A dual-diode array-based were used in panel A. See the text for further details.

deteguon system provides trans[ent absorpuoq data encoms, yield the data shown in Figure 3B. For each sample, the
passing an~220 nm spectral window on a single flash.

. L spectrum that is shown was taken at a delay time that reflects
Further details of the apparatus, data acquisition, and dat P y

. . %he maximal bleaching of the Hwild type) or Hs (mutants)
analysis methods have been described elsewlt&es). Qx band. The absorption difference spectra for YFHV,

YFHV-+tb, and YFH RCs in Figure 3B are identical, except
for a slightly larger bleaching near 600 nm in the YFH
Yield of Electron Transfer to # The yield of P*— P*Hg~ mutant. All three exhibit a pronounced bleaching of the Q
in the YFH mutant was previously determined tob80%  band of H at ~527 nm. Because of the replacement af H
in RCs purified with LDAO (12). The data shown in Figure With a bacteriochlorophyll molecul@, the Hs bleaching in
3 indicate that a similar yield is obtained in Deriphat-purified the mutants is not compromised (by spectral overlap) and
YFH and YFHV RCs. As was done previously, we deter- can be compared directly with the bleaching~§42 nm
mined the yield of PHg~ formation by comparing the observed in the wild-type sample to obtain a yield 0Hg".
magnitude of K bleaching at 527 nm with the magnitude The assumption underlying this comparison is that the Q
of Ha bleaching at 542 nm for the'Pia~ state in wild-type bands of H and H; have the same oscillator strength. On
RCs. This process begins with comparison of the P* spectrathe basis of the data shown in Figure 3B, we calculate a
shown in Figure 3A. Because the sample concentrations used30—35% yield of P'Hg™ in the YFHV, YFHV+tb, and YFH
in these experiments were closely matched (see Experimentabamples. This is the same value within experimental error
Procedures) and because the laser excitation conditions vary@s reported previously for theYFH mutant in LDAO. Note
only slightly from day to day, the raw amplitudes of the P* also that neither the added V mutation nor the addition of
spectra acquired on the four samples were within 10% of terbutryn in the YFHW-tb sample gives rise to any differ-
one another. Three of the spectra shown in Figure 3A haveences in the shape or magnitudes of the spectra in Figure 3.
been multiplied, by factors that ranged from 0.9 to 1.0, to  The prominent peak near 665 nm in the wild-type RC
normalize the magnitudes of initial P bleaching at 600 nm. spectrum (Figure 3B) is the well-known absorption band of
The YFHV+tb sample was arbitrarily chosen as the base the anion of H. The peak of the analogous anion absorption
for the normalization, and its spectrum is the “raw” unnor- pand of H; in the difference spectrum is near 64650 nm.
malized data. The gently sloping absorption broken by The H; anion band is less pronounced in the difference
bleaching of the Qband of P near 600 nm is characteristic - spectra of the three mutant RCs, in keeping with the relatively
of the difference spectrum of P* in this spectral window, |ow yield of P*Hg~ (~30%) compared to the 100% yield of
and the P* spectra of all four samples are identical except prH, -~ in wild-type RCs. Additionally relevant is the fact
for a slightly broader bleaching for the wild type. that whereas the 20 ps spectrum for wild-type RCs can be
The individual normalization factors for the YFHV, YFH, assigned to a single state7H ™, this is not true for the
and wild-type RC samples used to generate the comparison~100 ps spectra of the mutants. In these cases, the difference
in Figure 3A were applied to spectra taken at longer times spectra reflect a composite of the absorption changes
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Ficure 4: Transient absorption difference spectra for (A) YFHv  FIGURE 5. Comparison of kinetic data for YFHV and YFHMb,
and (B) YFHV+ib acquired at the indicated times following using~130 fs excitation flashes at 860 nm. Data acquired before
excitation with~130 fs flashes at 860 nm. the flash and during the-0.5 ps instrument rise time have been

omitted for clarity. Panel A compares the kinetics of the transient
absorption changes between 635 and 650 nm. Panel B plots the

resulting from electron transfer togHas well as to thes kinetic data for the appearance and decay gbléaching between
pigment on the A side [or any other state(s) that may have 522 and 533 nm minus the absorption changes between 570 and
formed initially from P*]. 585 nm (i.e. AAsz2-533 — AAs70-585). The solid (YFHV) and dashed

(YFHV+tb) lines are fits to the sum of four exponentials along

. A
Obsevation of P'Hs™ — P*Qg_ Electron Transfer from  \L " 00 see the text for further details.

Ultrafast Transient Absorption Datarigure 4 replots the

spectra shown in Figure 3 for YFHV (panel A) and Scheme 1

YFHV+tb (panel B) RCs and compares them to spectra p*

taken at 3.7 ns, the longest delay time available on our / \

transient absorption instrument. At first glance, the 3.7 ns P*He PR

spectra of YFHV and YFHWtb RCs are not noticeably

dissimilar. However, the overall magnitudes of the absorption kETl Ko

changes for YFHWtbh RCs are in fact slightly larger than

those observed for YFHV RCs. The difference between the P'Qs”

data on the nanosecond time scale is seen more readily in

the kinetic profiles shown in Figure 5, which plots the time

course of the absorbance changes in the range of 636 Ground State

nm (the H anion absorption maximum) and in the range of

522-533 nm (the K Qx band bleaching). For clarity of — P"Qg™ electron transfer. These results complement the
display, the points acquired before “zero time” and during observation of PQg~ formation from B-branch electron
the ~0.5 ps instrument rise time are not shown in Figure 5. transfer in nanosecond-flash measurements on these YFHV
Two slightly different sets of “matched” measurements were RCs 66) and similar mutants34, 51). In principle, the data
carried out to verify the fidelity of these results. For one set in Figure 5 straightforwardly determine the rate and yield
(that shown in Figure 51 5 mLsample of YFHV RCswas ~ Of P"Hs™ — P"Qg~ electron transfer. In the YFH¥tb
divided into two equal portions. Kinetic data were acquired sample (which lacks ), the P"Hg™ lifetime (denotedrrg)

on the first portion; then on the following day, terbutryn was reflects charge recombination of this state to the ground state
added to the fresh unused second portion of the YFHV because this is the only decay path available (and of course
sample, and kinetic data for it were acquired. In the other may involve PBg™ or P*). Thus, we can setrs equal to

set of measurements, one (fresh and unused) 2.5 mL sampld/kcr, Wherekcr is the rate constant for charge recombination
of YFHV RCs was examined on a single day first without, (Scheme 1). In YFHV RCs, the'Plg~ lifetime (denotedqg)

and then with, terbutryn added. Somewhat fewer data pointsis equal to the inverse of the sumlafz andker; i.e., 7qs =
were acquired in this second set of measurements; howeverl/(ker + Kcr), whereker is the rate constant of the"Fg~

the data reproduced the difference between YFHV and — P*Qs™ electron transfer reaction. Thus, upon measurement

YFHV+tb samples shown in Figure 5. of Tt andzgg, Ket is determined as well as the yield of the
The small difference between the YFHV and YFhib P*Hs™ — P"Qg" reaction, given byPer = ker/(ker + Ker)-
kinetic profiles distinguishes the lifetimes ofRg~ in the It is clear from visual inspection of the kinetic profiles in

presence and absence of @nd constitutes the first direct  Figure 5 that the YHFWtb data set the intrinsic (charge
observation on the pico- to nanosecond time scale bfzP recombination) decay of'fMg~ to be on the nanosecond time
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scale, and that without terbutryn"Rg~ still decays on the

Kirmaier et al.

combination of the B3~ — ground state and g~ —

nanosecond time scale, somewhat faster but not dramaticallyground state processes. Thus, the end point of the decay
so. These observations immediately lead to the qualitativekinetics on the (tens of) nanosecond time scale for the

conclusion that the rate constants fofHg= — P™Qg~
electron transferker) and P Hg~™ — ground state charge
recombinationKcg) are on the same order of magnitude, with

YFHV+tb data (Figure 5mustbe AA = 0 at all probe
wavelengths. Thid\A = 0 constraint on the analysis of the
YFHV+tb data means that the results are far less compro-

values of several inverse nanoseconds or so. In the followingmised by the fact that the longest time point is 3.7 ns
section, we describe our detailed analysis of the kinetic data(compared to the YFHV data analysis). Fitting of the 635

in Figure 5 that leads to ranges of(2—12 ns)! and
~(1.5-3 ns)* for ket andkcg, respectively.

Estimates of the Rate and Yield of Hk~ — PQg~
Electron Transfer Let us consider qualitatively the anion
region (635-650 nm) and the most simple kinetic model

650 nm data for YFHMW-tb to the sum of three exponentials
plus a constant (fixed at 0) yields time constants-80 ps,
~200-300 ps, and~4—6 ns, where the ranges of values
for the two longer time constants reflect acceptable fits that
differ in the pre-exponential factors of these components.

first. Such a model is based on the photochemistry shown The 30 ps component is obvious in the raw data in Figure 5
in Scheme 1 and described above; P* decays to give bothas the initial fast phase of increasing absorption, correspond-

P"Hg~ and P ~ which then decay independently on their
respective B and A branches!//~ decays only via charge
recombination to the ground state (becauggdabsent due

to the V mutation). PHg~ decays only via charge recom-
bination to the ground state (with a rate constap) or via
combined charge recombination and electron transfergto Q
(ker + kecr), depending on the absence or presence gf Q
respectively. Thus, the most simple analysis is to fit the
kinetic profiles to a function consisting of a constant long-

ing to the transformation of the P* spectrum (0.5 ps
spectrum) in Figure 3B to the one seen at 100 ps. The
presence of a 200300 ps component to decay of the 635
650 nm transient absorption is unambiguous from the fits
(and even by visual inspection of the data), but not readily
reconciled with the expected™B~ and PHg~ charge
recombination times discussed above. This component is in
fact not associated with either of these two states, but rather
with P* decay 69). Surprisingly, the decay of stimulated

time asymptote plus the sum of three exponentials: one foremission from P (monitored between 920 and 980 nm) is
P* decay and one each for parallel independent decays ofunambiguously biexponential, comprised of two components

P"Hg™ and P 3~. Clearly, the only difference between the
YFHV and YFHV+tb kinetic data, and the goal of this
analysis, is the PHg™ lifetime.

The 635-650 nm kinetic profiles for both YFHWtb and
YFHV RCs display an initial fast phase of absorption
increase that rises to 8A value of~0.05 on the 0.5100
ps time scale. (This is again after the initial overald.5 ps
instrument rise time, which is not shown in Figure 5.) This

nearly equal in magnitude o#30 ps (55-60%) and~200

ps (40-45%). The 200 ps P* decay component also is
observed in the decay of P bleaching (848%0 nm), thus
reflecting a P*— ground state deactivation pathway that
occurs in~45% of the sample (which may involve relaxation
within P* or repopulation of P* from another transient state).
Since P* obviously absorbs at 63650 nm (0.5 ps spectra
in Figure 3), both P* components must and do contribute to

initial fast kinetic phase corresponds to the transformation the anion region kinetic data. Since the 2@DO0 ps
of the 0.5 ps P* spectrum to the composite spectrum observeccomponent is associated with P* ground state deactivation,

at ~100 ps in Figure 4. Since electron transfer from P*
occurs to boths on the A branch and glon the B branch,
subsequent decay of the positive absorption at-63% nm
(refer to the 100 ps spectra in Figure 4) must reflect
contributions of the independent lifetimes ofH~ and

it contributes significantly to thdecayportion of the kinetic
profile at 635-650 nm.

Further description of P* decay will be given elsewhere
(59). We have presented some details here to underscore the
fact that the anion region kinetic data are part of a larger

P*4~. The decay kinetics must reflect both lifetimes because self-consistent body of data, and to show that the expected

(as alluded to above) the anions of both &hd/3 absorb at

~200 ps P* kinetic component (along with the 30 ps

635-650 nm, although the former is expected to have the component) is obtained de novo from analysis of the data in

larger extinction coefficient. (The anions of bacteriopheo-
phytin and bacteriochlorophyll have very broad absorption
extending throughout the 62000 nm region, as is seen,
for example, in the PHA~ spectrum of wild-type RCs in
Figures 3B and 6.) Time constants for/P charge recom-
bination of ~500 ps to 1 ns have been determined in a
number of$-containing mutant RCs of bofRb. capsulatus
andRb. sphaeroide@3, 35—37). It is not known what effect
the Tyr— Phe mutation at M208 might have on the inherent
lifetime of P*5~, except as might be indicated in this study.
A time constant for PHg~ — ground state charge recom-
bination in the range of-14 ns has been estimated previously
in the DH, KDH, and YFH mutant RCs in LDAC2B—27).
Against this background, we start with the simpler of the
two cases, the YFH¥tb data, and continue to focus first
on the 635-650 nm kinetic profiles. YFHW-tb is the simpler
case because, with neither Qor Qs present, the decay on

this region? Recognition that P* decay is biexponential and
both phases contribute in the anion region does not impair
our analysis in determining the lifetimes of Bs~ in the
presence and absence of @nd thus, directly, the targeted
rate constantk=r andkcg); the only difference is that a fourth
exponential must be added to the fitting function describing
the kinetic model.

Fitting the kinetic profiles to a function with eight free
parametersfour exponentials (time constants) each with an

2Because a significant fraction of RCs (40-45%) returns to the
ground state in~200 ps via the “delayed” P* decay component, the
ultimate yield of electron transfer to the A side in YFHY¥b RCs
isolated using Deriphat is smaller (230%) than that found previously
(12) for YFH RCs isolated with LDAO {-60%). The same is true for
the YFHV and YFH samples studied here, so this phenomenon is not
associated with either the W(M250)V mutation or the presence of
terbutryn but appears to result from an effect of the detergent Deriphat,

the nanosecond or tens of nanoseconds time scale reflects #kely on the relative free energies of the stat8)(
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0.08 — : . . . ns) that is obtained for the 100% yield of this state in wild-
wild type type RCs (again normalized on the basis of the initial P*
004 spectra in Figure 3). The value &fA in the range of 635

650 nm in this spectrum is-0.014. We assume that the
PQg~ spectrum in this region would be identical to the
P™Qa~ spectrum for the wild type. Thus, ifPlg~ — P"Qg~
electron transfer occurred with a 100% yield in the YFHV
mutant, the observed30% yield of P'Hg™ would result in

R i >

oo D 050 an ~30% yield of PQg~. The value ofAA at long times
v ooge would be, then, 0.3¢0.014) = —0.004. Thus, while the
008} ¥ ---37ns | constant in the equation cannot be set equal to O (as in the
- - . - - YFHV+tb analysis), it is not a completely free parameter.
500 550 600 650 700

It was constrained to be in the range of 0-t6.004 based
) o ) on this comparison to the wild-type spectrum.
FicuRe 6: Transient absorption difference spectra for the wild type o second critical consideration that constrains the analysis
acquired at the indicated times following excitation witi30 fs . . L L
flashes at 860 nm. of YFHV anion region kinetic profiles is that thenly other
parameter (besides the value of the constant asymptote

associated amplitude (pre-exponential facteedpng with constrained above) that can be different between the YRHV
the long time constant asymptote still fixed to A& = 0, and YFHV data sets is the value of the longest kinetic
returns again the-30 and~200 ps components (assigned component, i.e., the™®g~ lifetime. Therefore, the 30 and
to P*) and, now, a time constant for each of the two longer 200 ps P* components, theé P~ component (varied between
components (due to'Plg~ and P37). To determine the best 0.5 and 1 ns), the values of pre-exponential factors of these
value or range of values for the Rg~ charge recombination  three components, and the value of the pre-exponential factor
time that can be determined from the YFHb data, we of the P"Hg~ component were all the kept the same in pairs
proceeded to apply two additional constraints on the analysis.of fits that distinguished the g~ lifetimes (the longest
(1) The time constants of the two initial components were component) in the YFHV versus the YFH\tb data sets.
fixed at 30 and 200 ps since these values are independentlylhis comparative analysis of the YFHV and YFHb
verified in the P*-stimulated emission data as described kinetic profiles in parallel yielded in all cases a shorteHp~
above 69), and (2) the third time constant was fixed at lifetime for the YFHV data compared to the YFH\b data,
various values between 500 ps and 1 ns, in keeping with theas expected. An example fit of the YFHV data is shown in
reported range for the inherent " lifetime (23, 35—37). Figure 5A (- - -). This analysis gives a"Hg~ lifetime tog
In assessing the viability of individual fits, we considered of ~1.5-3 ns in YFHV RCs, compared to &g of ~4—8
not only how well the data were reproduced but also the ns in the YFHW-tb sample.
values of the returned pre-exponential factors. These values A similar analysis of the time profiles for the appearance
directly reflect the relative concentrations and extinction and decay of bleaching of the 527 nm Qand of H; (Figure
coefficients of the species involved (P*fIRs~, and P37), 5B) was conducted. The data plotted in Figure 5B are not
about which we have much independent information from the rawAA values between 522 and 533 nm, but rather the
data obtained in this work and previous studies of RCs in difference between the absorption changes in the-523
which these same states are produdet] 22—24, 35—37). nm interval and those in the 5785 nm interval; i.e., the
Although we weight the values reported below using the fits plotted data are values @fAs;2 533 — AAs7o-585 A “refer-
with maximum constraints, considerable effort went into ence” region (576585) is required because tlchangein
exploring the matrix of parameters (e.g., how many and AA at 522-533 nm as a function of time between 100 ps
which values were fixed) that can give good four-exponential and 3.7 ns is extremely small; there is very little difference
fits of the data. One such fit of the YFHMb kinetic data between the 100 ps and 3.7 ns spectra in Figure 4. The raw
is shown in Figure 5A (solid line). Our analysis suggests 522—533 nm absorption changes on the nanosecond time
that the PHg~ lifetime 71 falls in the range of 48 ns; this scale are much too small to attempt to fit. However,
result directly gives a rate constakyr of ~(4—8 ns) for referenced against the positive background absorption of first
the P'Hg~ — ground state charge recombination process. P* and later P, the absorption changes reflecting the growth

All of the above discussion for analyzing the anion region and subsequent decay of bleaching of thel@nd of H
data for the YFHWtb sample wholly pertains to analysis can be followed. This is not to say that the data plotted for
of the YFHV kinetic data, but with the additional complica- AAs;>-533 — AAs70-585 reflect the kinetics associated solely
tion that we do not know whakA is at the end point of the  with the Hs pigment. Although the subtraction does lend a
nanosecond-time scale decay (it can no longer be sefat  heavier weight to the relative contribution of thg pigment
= 0 because the long-lived"®s~ is formed). However, we  compared to the contributions of P* and",Pthe data
do have information that constrains the\ end point for must still be analyzed with four exponentials plus a constant.
the YFHV sample, as follows. Since"p~ — ground state Much of the same discussion given above for the anion
is the only process that can occur on the A side in the YFHV region, taking into account reasonable values for the asymp-
sample (i.e., the end point of this decay procesAAs= 0 tote of the decay at tens of nanoseconds and the relative
just as it is in the YFHW-tb data), any and all non-zero extinction coefficients of the species being probed (P*
transient absorption changes at a sufficiently long time (tensabsorption, P absorption, and klbleaching), applies here
of nanoseconds) necessarily directly reflect the yield of as well, although there are differences in detail. As in the
P*Qg~ formation. Figure 6 shows the'®,~ spectrum (3.7 anion region, the initial 30 ps component associated with

Wavelength (nm)
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Table 1: Estimates of the Rate and Yield offg~ — P*Qg- trar_lsfer_ has a rate constant in the range ef2 ns)* and
Electron Transfer a yield in the range of 2580%.
These results leave no doubt thati3~ — PTQg™ electron

7ge (NS 718 (NS ket * (ns Der® i |
e (0 e (05 () = transfer is at least 1 order of magnitude slower thaH £
15 4.0 2.4 0.62 z .
15 8.0 19 0.81 — P"Qa~ electron transfer, which has a rate constant of
3.0 4.0 12.0 0.25 ~(200 ps)* and a yield of~100% in wild-type RCs. This
3.0 8.0 4.8 0.62 is not a surprising result. Indeed, some may consider the

avalues for the lifetimes of FHs~ as determined from four-  fact that PHg™ — P*Qg™ electron transfer takes place at
exponential fits of the 635650 nm kinetic data of YFHV1gg) and all or that it occurs as fast as on the nanosecond time scale
YFHV+tb (rrs). ® Calculated time constant for*Pls™ — P*Qg™ a somewhat surprising result.g@ functionally different
electron transfer determlned_from the valuesr_@& and 7rg. With from Qa, and their respective binding pockets have many
reference to Scheme Igs = 1lkcr and 7gs = 1/(kcr + Ker). . o .
¢ Calculated yield of the PHa~ — P*Qg - electron transfer reaction, ~ different characteristics (see ref&’ and 58 for reviews).
where ®er = ker/(ker + Kep). Whereas Q is tightly bound in a closed and mostly hydro-
phobic environment, Ris loosely bound in a region that
contains numerous ionizable amino acids. The function of
Qg is to receive two electrons from Q in successive turn-
overs of the RC photochemistry, and dissociate from the RC
as the quinol (@H,). Thus, electron transfer and proton
transfer to @ are intimately related. Qis strictly a one-elec-
tron acceptor and is never protonated. Influencing the elec-
tronic contribution to the rate of g~ — PTQg~ electron

P* decay is unambiguous in the data, here as the initial
development of bleaching of thexand of H;. Again, in
assessing thePl~ lifetimes, we compared pairs of fits to
the YFHV-+tb and YFHYV data that used identical values for
all the parameters other than for the constant (asymptote)
and the longest component (theHR~ lifetime). The ranges

of values for the PHg" lifetimes that come from this analysis transfer is the issue of the equilibrium between the proximal

are as follows:zrg ~ 3—6 ns andrgg ~ 1.5-2.5 ns. Both . " - ) )
of these ranges reflect lifetimes somewhat shorter than thoseanOI distal positions for £(62-65). The location of @ in

that were obtained from analysis of the 6380 nm data its binding site obviously dictates the distance betwegn Q
lihough e areement is e good considerg he I S9° re <00 pealelio e A SRS
difficulty of the task at hand. In particular, in both the anion between H ang Q\pma a(.:t as 2 superexchange mediator
and ( regions, the fits reproduce the conclusions drawn y P 9

. g i to improve the electronic matrix element forta~ —
directly from the data in Figure 5 that the'l®;~ lifetime in - o
YFHV RCs is shorter when the gsite is fully occupied P™Qa" electron transfer§2-55, 66). The symmetry-related

than when electron transfer tos@ inhibited. Because the :ﬁissl?:r?cggr:r:g t?]:;daerr:Z 2;:2& atol‘szsﬁﬁ’ W?(';\:/? d?r?nggtescirr\f
analysis of the anion region data is more straightforward, P yp g

we adopt the ranges of values obtained from the-6& mt_i_flo? to slower H ; Q eﬁctror; tramsfﬂgniﬂle) Ilibra[lch.
nm kinetic profiles for subsequent calculations. € Iree energy change Gs) or the B . QB.
) ) and PHA~ — P*Qa™ reactions are similar but not identical.

With azqg 0f ~1.5-3 ns and &g of ~4=8 nsinhand,  The B-side reaction may well have a somewhat larger free
we can directly calculatéer, the rate of PHg™ — P"Qg energy change, first becauseHR~ is thought to be 100
electron transfer, and the yielfler of this reaction, using 150 meV higher in free energy tharti®s~, due in part to
the simple formulas given earhey. Comparison of thel full gifferences in hydrogen bonding interactioms T, 12, 13,
range of values for the lifetimes giveska of ~(2—12 nsy 23, 67—69). A second contribution to a larg&G is obtained
and a®er of ~25-80% for electron _transfer fromgd to if P*Qg~ is lower in free energy than'®,~.2 It is possible
Qe (Table 1, columns 3 and 4). Given that the absolute 4t the reorganization energy foriRs~ — P*Qg™ electron
yield of P"Hg™ is 30—35%, this analysis predicts that overall

. =t X . . 0
P P+QB. ponversmn QCCUI’S with a yield OH'O_.ZS . 31t is well-known that theAG for P*Qa~ — PTQg~ electron transfer
More restrictive use of middle values ofs andzqs gives a is —60 meV, the latter state being lower in energ$)( If it is assumed
ket of ~(3—5 ns)! and a®gr of ~60% for the rate and  that the same s~ state is formed from fHg~ — P+*Qg~ electron
y|e|d of P"Hg™ — P+QB* electron transfer, respective|y, transfer, this would increase by 60 meV th& for P*Hg™ — PTQg™

; ot ; ; _ electron transfer compared to that fotHA~ — P*Qa~ electron transfer.
which may be the most realistic to use in general discus However, we have reporte&®) in YFH RCs, where electron transfer

sions until accurate values are obtained from future experi- occurs to @ via both the A and B branches, that in fact two distinct
ments. P*Qg™ states are formed as evidenced by distinct biexponential kinetics
. . . of the decay of P bleaching. In YFH RCs, charge recombination of
Concluding RemarksVe have resolved the first evidence  piq,- a5 formed from the A side occurs with a time constant-af5
of P"Hg~ — P*Qg~ electron transfer as deduced from the s, whereas charge recombination dfQ@~ formed from the B side
absorbance changes associated with decay'bPwhen occurs with a time constant of6 s. A number of previous studies

: ; il have found very long lifetimes for s~ charge recombination via
electron transfer to Qis operative or inhibited. We have the so-called direct route/6—80). A common interpretation of these

also shown that ﬂ"B._ — P"Qg” electrqn transfer OCCUIS  results is that the free energy gap betweeé@f and P Qg is larger
on the nanosecond time scale. Determination of the lifetime than 60 meV. If this interpretation applies to YFH RCs, theQp-

f P'He" in th r n nd th n f iaht- as formed in YFH RCs via the B side is more than 60 meV below
]? (;IBI . € F:hese tce a C(Ij _eldabeEHC? EQP? 9 _ P*Qa~. In turn, this would apply to the YFHV mutant as well, thereby
orwardly gives the rate and yield of"Ple™ = P"Qs™  coniributing>60 meV toAG for P'Hs~ — P*Qg- electron transfer
electron transfer. In practice, analysis of the kinetic profiles compared to PHA~ — P*Qa~ electron transfer, in addition to the 160

has limitations derived from the contributions of multiple 150 meV contribution due to the free energy differences ofi£&

species and processes at every wavelength, and a limite nd P Hg~ mentioned in the text. This discussion of energetics must
’ e tempered, of course, by other factors such as conformational changes

time span of the present measurements. Taking these issuegn proton uptake, both of which have yet to be explored as they relate
into account, we estimate that'ig~ — P™Qg~ electron to P"Hg~ — P'Qg~ electron transfer. See r66 for further discussion.
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transfer matches fairly well a largéxG due to the many
ionizable groups in the §binding pocket. However, the
precise position of the g~ — P'Qg~ electron transfer
reaction on the Marcus ratkef) versusAG curve is beyond

the scope of this article. The main point of this discussion is
simply to point out the possibility for myriad differences in
the electronic and FranekCondon (energetic) factors be-
tween the PHo~ — P™Qa~ and PHg™ — P"Qg~ electron
transfer reactions. There is no a priori reason foHpP —
P™Qg to be optimized (with either a fast rate or a high yield)
since this electron transfer reaction does not take place in
vivo. In fact, there might be every reason to inhibit this
process in an effort to optimize the two-electron gate function
of Qg. In this regard, it is interesting to note that not only is
P*Hg~ — P'Qg~ electron transfer a factor af 10 slower
than the analogous process on the A branch, the inherent
P*Hg~ — ground state back reaction also appears to be
significantly faster kcr ~ (4—8 ns)!] than for the A-branch
process PHA~ — ground state(20 ns)']. Some origins

for this difference between the back reaction rates have been
discussed elsewher@23) and will not be repeated here,
except to note that the'Pl~ charge recombination rates are
governed by electronic and energetic factors analogous to
those mentioned above for the'® — P*Q~ forward
reactions and additionally include mixing with the higher-
energy PB~ and P* states. The end result is that the rates
of the electron transfer and charge recombination pathways
of the P'H™ states are clearly balanced to afford a higher
yield of P"Q~ on the A branch than on the normally inactive

B pathway. Soon, we hope to further these comparisons by
extending the time scale of our measurements to pinpoint
the rate constants for the"Hgz~ — P"Qg~ electron transfer
and PHg~ — ground state processes.

In addition to the insights described above, the results
reported here should open up new avenues for exploring
important issues associated with electron transfer g0 Q
Comparisons of the results of experiments that prohe Q
reduction via the B branch versus the normal gathway
should prove to be valuable. There may also be interesting
comparisons to plant systems. Photosystems | and Il both
have symmetric branches of potential electron carriers leading
from a dimeric primary electron donor to a terminal acceptor,
analogous to the bacterial RC. Currently, there is controversy
with respect to whether electron transfer functionally takes
place simultaneously through both branches of the PSI
protein with overall electron transfer on one branch occurring
much faster than on the othef(—74). The parallel to the
work presented here is clear. Continued studies that further
explore full dimer to quinone charge separation on the B
branch not only will provide fundamental comparisons with
the A-side processes in the bacterial RC but also may be of

general value for helping to assess analogous issues in thesy,

plant photosystems.
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