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Energetics of Primary Charge Separation in Bacterial Photosynthetic Reaction Center
Mutants: Triplet Decay in Large Magnetic Fields'
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The triplet state of aromatic molecules forms and decays by intersystem crossing, as originally demonstrated
by Kasha and Lewis. By contrast, the triplet state of the primary electron dhan, photosynthetic reaction
centers is formed exclusively by spin- and magnetic-field-dependent charge recombination of the initially
formed radical ion paiP decays by intersystem crossing at low temperatures; however, at higher temperatures,
it can also decay by activated re-formation of the radical ion pair from which it was born, followed by a spin-
and magnetic-field-dependent pathway that leads ultimately to the ground state. The discovery of this activated
decay pathway leads to an approach for obtaining information on the relative energies of the radical pair and
3P state (Chidsey et dProc. Natl. Acad. Sci. U.S.A985 82, 6850-6854); with knowledge of the absolute
energy of®P from its phosphorescence, the energy of the initial charge separation reaction can be obtained.
In this paper, we present the first data on the temperature and magnetic field dependence of the formation
and decay ofP for Rb. sphaeroideseaction center mutants in a background that contains no carotenoid. The
mutations have been studied in other contexts and were designed to perturb the redox potential of the primary
electron donor or acceptor. The measured trends are in the same direction as expected from chemical intuition;
however, the quantitative changes are typically smaller than expected. Possible reasons for this finding are
discussed. Improved values are obtained for the enthalpy and free energy change associated with primary

charge separation in wild-type reaction centers.

Introduction

The energetics of the initial electron-transfer steps in bacterial
photosynthetic reaction centers (RCs) is a key element in any
attempt to understand the reaction mechanism and the impact
of amino acid changes, temperature, and applied electric fields
on the reaction. The organization of the chromophores involved
in energy and electron transfer along with the sites of mutations
considered in the following are shown in Figure 1. A kinetic
scheme describing charge separation and recombination when
electron transfer to quinoneQs blocked is shown in Figure
2. The enthalpy and free energy changes for the initial processFigure 1. Arrangement of the chromophores involved in the initial
1p — PtH, - are difficult to obtain reliably in situ. Although electron transfer in photo:_;ynthetic reat_:tion centers. Am_ino acid residues
the P/P" oxidation potential can be measured in situ, there s 12t were mutated for this study are included in the figure.
no reliable way to obtain the #H_~ reduction potential.
Furthermore, it is not certain that the equilibrium Pfftential

P
T (PTHY) <SSP H)

is the relevant quantity for the picosecond to nanosecond time H
. - - krl| kot

scale processes sketched in Figure 2, as the time scale for . !
solvation of the nascent ions is not well understood. s P

Two separate approaches were developed several years ago Kise
to obtain information on the energetics in situ: measurements
of the amplitude of delayed fluorescence fréf following P
activated charge recombination,"fh~ — P27 and the Figure 2. Reaction scheme depicting electron transfer as well as the

activation energy of the reacti® — PTH_~,28 combined with formation and decay JP. The vertical positions of the species indicate

information on the?P energy from phosphorescence measure- their relative free energies, although the figure is not to scale.

ments? The results obtained differ substantially both in the Some of this difference might result from the time scales

absolute value of théP — P*H_~ free energy change and in  sampled, but there might be shortcomings of each approach as

the contributions to this change from enthalpy and entropy. \ye|l as discussed below.

- — - - In the following, we describe measurements using the

FestZ?Ltrif?I the special issue “George S. Hammond & Michael Kasha temperature and magnetic field dependence of the triplet decay
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applied to RCs from the carotenoidleR®. sphaeroidefR26 the experiment is carried out in the highest possible applied
strain® but it could not be applied to RC mutants, as they were magnetic field so that nuclear spins play a smaller part in
originally prepared in a carotenoid-containing strain and the singlet-triplet mixing?8 Ideally, one would like to work in the

carotenoid rapidly quenche®. Recently, aRb. sphaeroides  ‘“infinite-field limit,” where singlet-triplet mixing effectively
RC mutant, M71GL, has been described that assembles withoutequilibrates }(P*H_~) and 3(P*H_~), although it might be
carotenoid? so that experiments that depend & can be impractical to achieve such fields depending on the values of

undertaken. In the following, we report the temperature and ks, kr, and Ag.

magnetic field dependence of the triplet decay of a series of Equation 1 provides an alternative method of determining

RC mutants in the M71GL background to obtain information the activation energy fotP — 3(P™H_~). Because an applied

on the energetics of the initial charge separation reaction. magnetic field can vary the value of by the Ag effect, the
Principle of Method. As diagrammed in Figure 2, whemQ qguantum yield of triplet formation is magnetic-field-dependent.

is either removed or chemically reduced, the singlet radical pair Combining the enthalpy and entropy terms, one can rewrite eq

1(PTHL™) can either decay to the ground state with rkge 1las

undergo activated charge recombination to re-féitnfthe basis 1

of the delayed fluorescence approach), or undergo coherent spin _ L —~AGS

evolution, with frequency, to form the triplet spin configu- Kobs = Kisc 3ks¢3P(B)e 3)

ration of the radical paid(PH_"). 3(P"H._ ") decays either by ) .

charge recombination to forP with rate kr or by spin ~ WhereAG® is the standard free energy of the reaction dng(B)

evolution to re-formi(P*H_~).1* In RCs lacking carotenoidP is the triplet quantum yield at applied magnetic fidd The

decays by intersystem crossing with régg, or it can re-form ~ @bsolute magnitude of the triplet yield at any magnetic field,

the state from which it came by the thermally activated rate P3#(B), is not simple to measure accurately; however, the triplet

k_1, demonstrated by the magnetic field effect on ¥Redecay yield at a given magnetic f|e_IB relatlve to the triplet yield at

ratel The activation energy of the latter process provides Z€ro field, ®3(B)/®3(B=0), is straightforward to measure by

information on the energetics of charge separation when t@king the ratio of the initial bleach of P at magnetic fidd

combined with spectroscopic data on the energiedPoind ~ 'elative to that aB = 0. A plot of kobs Vs ®3p(B)/P3(B=0)

3p9 has ay intercept ofkisc and a slope of
In quinone-depleted RCs, used to avoid further complications 1
involving spin exchange between Hand Q~,*? within 100 slope= éksq)3p(Egzo)e*AG"ﬂ (4)

ns of the excitation of P, the RCs have either returned to the
ground state or formed th® state. The triplet quantum vyield,
®sp, and the decay kinetics 8 can be measured by monitoring . - .

. . . difference betweesP and3(P™H_~) can be determined. By
the ground-state recovery of P. As discussed in detail elseWhere’comparingAW with AG®, the contribution ofAS® can be

25 fse rgi?/i;attl)ge dependence of the observed triplet decay rateobtained. Although the values & and ®3(B=0) are known
S

quite accurately for R26 RCs, they have not been measured for
— —AHB most of the mutants used in this study. Nonetheless, we report
Koos = kisc T 1€ @) data obtained in this way and provide some preliminary analysis
given available information.
Choice of Mutants. In the following, we consider four
1 mutants, the M71GL carotenoidless mutant for comparison with
=3 koS (2) R26 RCs and three double mutants in the M71GL background:
L168HF, L104EV, and M214LH (the beta mutant). The L168HF

and AH° and AS are the standard enthalpy and entropy mutation is designed to modify the environment of P by

; ; N-Qi i hydrogen-bonding group near the ring | acetyl group
differences, respectively, betwe# and®(PTH,); 8 is 1kgT, removing a hyarog g group near theé ring
where kg is the Boltzmann constant: arl is the absolute of the L-side chromophore of the special pHiThis has been

temperature. At zero or low applied magnetic field, singlet shown to decrease the oxidation potential of P, thereby altering
triplet interconversion is driven by the nuclear hyperfine the energetics of electron transfer; L168HF is the single

interactiont®14whereas at high field, the differencegrfactors hydrogen-bon(_j mutation that results in the largest decrease in
of the radicalsAg, dominates singlettriplet mixing5 At low the P/P potential?® The L104EV mutation removes a hydrogen

field, the subpopulation of RCs whose nuclear spins generate gbond from the 9-keto carbonyl group of the Ehromophoré:

large hyperfine field will have larger values @fand will evolve Removing the hydrogen bond should raise the reduction
more rapidly to¥(P*H. ). Thus, the nuclear hyperfine-induced potential of the H bacteriopheophytin. The M214LH mutation

singlet-triplet radical pair interconversion enriché® with replaces a noncoordinating leucine with a histidine over the
nuclear spin states that generate large hyperfine fields, resultingcemer, of the i chr.omophore..Th_ls RC,; assemble; with a
in nuclear spin polarizatiol Because equilibration of nuclear Pacteriochlorophyll ‘in tzt;e H binding site, and this new
spin states (spin lattice relaxation) might be on the same time Cromophore is callefi, .* Because bacteriochlorophyll has a
scale or slower than the lifetime &®, subsequent decay through ;ubstannally higher rgducuon potent.|a}l_ in vitro than bacte-
3(P*H.") via k_t might be faster because of a largethan it riopheophytin, the driving force for initial electron transfer
would be if the nuclear spins were at thermal equilibritis should be decreased.

a result,kops is greater than it would be with an equilibrium
population of nuclear spins, as was assumed in the derivation
of eq 1. The extrapolated activation energy from the low- or  All of the mutants were constructed with a PCR-based
zero-field measurements is then smaller than it should be, mutagenesis kit, followed by excision and ligation of the relevant
making the apparent enthalpy difference betwéén and restriction fragments. The followinRb. sphaeroideshutants
1(P™H_ ") larger than it actually i$8 To minimize this problem, were created: M71GL, M71GL/L168HF, M71GL/L104EV, and

If the values ofks and ®35(B=0) are known, the free energy

where

Experimental Section
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Figure 3. Low-temperature (77 K) absorption spectra of the mutants 0.4 { { { i i ti SRR i
made for this study. The RCs are suspended in 60% glycerol, and the 02 { { { { % { { [
spectra are normalized to the same absorption at 802 nm. The three ’
dotted lines indicate the excitation wavelength (532 nm), and the probe 0 10 20 30 40 50 0 10 20 30 40 50
wavelengths (852 and 905 nm). Magnetic Field (Gauss)

) ) ) _ Figure 4. Relative quantum yield 6¥P as a function of magnetic field,
M71GL/M214LH. The mutations were inserted into a plasmid normalized to 1 for each mutant with zero applied field at 120 K. Data
that produces RCs with a polyhistidine tag for rapid purifica- were taken at 120, 250, and 290 K, as indicated. Vertical axes are scaled
tion.22 Following purification, RCs were suspended in 10 mM to facilitate side-by-side comparison.
Tris-HCI (pH 8.0), 0.1% LDAO, 1.0 mM EDTA. @ was

removed by standard procedufésand the RCs were mixed 000 el e 20K LR 3 40,000
with glycerol to a final glycerol concentration of 60%. 30,000 sk : : 30,000
For high magnetic field measurements, the RCs were placed ceee,, M71GLAL168HF
in a 3-mm-path-length glass cuvette. The cuvette was mounted 3, 2°°[ ., . ., T cesses 20000
on a copper block, which was cooled by a jet of helium gas. 210000 Cenean : . : 10,000
The temperature of _the heliym gas jet coulgl be varied with a < M 1GULIAEY T 1GL M2 1AL
heater and was monitored with a Cernox resistance temperature [ § F1hpd IERR! $ {10000
sensor. As a secondary temperature control, the temperature of i3 % 3 i } % bt
the copper block was measured with a platinum resistance sensor 9000 I ERE W § 900
and was varied with a Kapton film heater. The sample was 8,000 8,000
placed in an Oxford Instruments superconducting Spectromag sEa g ' PRt '
system, with variable magnetic field up to 8 T. The split-bore 0 10 20 30 40 50 0 10 20 30 40 50
Spectromag allowed for a perpendicular pump/probe excitation Magnetic Field (Gauss)
geometry.

. . L Figure 5. kopsas a function of low magnetic field for all four mutants
For measurements of transient absorption kinetics, the sampley; 290, 250, and 120 K, as indicated. The vertical axes are scaled to
was excited with a subsaturating 532-nm actinic pulse (fwhm facilitate side-by-side comparison.
~ 8 ns) from a Nd:YAG laser at a 2-Hz repetition rate. The ) . ) )
time dependence of the bleach of the P ground state (which isCompare relative triplet yleIQS between thg mutants, the experi-
a measure of the relative concentration®8j was monitored ~ Mental sample concentrations were adjusted such that the
with a weak probe laser diode at 852 or 905 nm and detected@PSOrption at 532 nm was approximately the same.
with a fast photodiode and a digital oscilloscope. Data were  T1he time dependence of the bleach in the P absorption on
taken with the probe beam polarized at the magic angle with theus time scale can be fit well by a single exponential along
respect to the magnetic field direction. The absorbance changeWith & small baseline offset, reflecting the fraction of RCs that
was linear with respect to pump power and independent of probeStill contain quinone. The initial bleach amplitude reflects the
power. The Q-depletion procedure is not perfect, so there is a'€lative triplet yield asP does not absorb appreciably at 852
small population (generally less than 10%) of the RCs that still ©7 905 nm. By using 532-nm excitation pulses, photoselection/
contains quinone. This results in a bleach component that decay0larization effects are minimizéd. For each mutant, an
on a 100-ms time scale, about 3 orders of magnitude longer@nalysis ofP amplitude and decay was performed as a function
than the decay ofP. This is accounted for by fitting the Of temperature and magnetic field. The relative triplet yield and
microsecond decay curves with a small baseline offset. kobs value for each mutant at low magnetic fields and three
For low magnetic field experiments, the sample was cooled différent temperatures are shown in Figures 4 and 5, and the
with a miniature Joule Thompson refrigerator (MMR Tech- r_elatlve triplet yle!ds at room temperature and high magnetic
nologies) with precise temperature control from 300 to 117 K. fields are plotted in Figure 6. The temperature dependences of

The magnetic field was generated with a Helmholtz electro- Kopsat 8 T are shown in Figures—=710, along with fits to eq 1.
magnet driven by a 1-kW current-regulated power supply, The compiled results for the temperature-dependent data are

X ) A o T i i i o 3p —
resulting in a variable magnetic field from 0 to 400 G. summarized in Table 1, and a schematic/i® for °P
3(PtH.") for all four mutants is shown in Figure 11.

Generally, the temperature-dependent dagaBhave small
error bars and fit well to eq 1. Each data point is the average of

The low-temperature absorption spectra for all four mutants three measurements, and the vertical error bars, indicating the
are shown in Figure 3. The absence of carotenoid in the RCs isstandard deviation dfy,ns are small; the error in temperature
evidenced by the lack of the broad absorption between 400 andfor each measurement is smaller than the data points. The
550 nm attributable to the carotenoid. Note that the absorption M71GL/L104EV and M71GL/M214LH mutants were more
at 532 nm, the wavelength of excitation for the transient difficult to study than the other mutants. The M71GL/L104EV
absorption experiments, differs among the mutants. To roughly mutant is considerably less stable than the other double

Results
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Figure 6. Room-temperature quantum yield & formation at an 1T (1K)

applied field f3pe] relative to the quantum yield o formation at Figure 8. Temperature dependencelgfs for M71GL/L168HF at an

zero field [@3x(B=0)] plotted against applied magnetic field. applied field of 8 T. Data fit to an exponential wikk. = 8900+ 600
s a=(35+19)x 1f s%, andAH® = 1020+ 100 cnT?. Inset:

21000 L L S S S S — — M71GL/L168HF kqps plotted as a function of relative triplet yield at
et 21000 | 290 K. Data fit to a straight line with slope 13 700+ 1700 st and
' intercept= 14 000+ 2000 s
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Figure 7. Temperature dependencel@fs for M71GL at an applied
field of 8 T. The solid line is the fit to M71GL data, and the dashed 6,000 ‘ ‘ —
line is fit to R26 data (see text). Data fit to an exponential viith= 0003~ 0004 0005 0006 0007 0008 0009
79004+ 150 s, a= (6.0% 1.5) x 1(° s7%, andAH° = 12304 60 1T (1/K)

cm L. Inset: M71GLkqss plotted as a function of relative triplet yield
at 290 K. Data fit to a straight line with slope 5600+ 1100 s* and
intercept= 11 700+ 1500 s

Figure 9. Temperature dependencelgfsfor M71GL/L104EV at an
applied field of 8 T. Data fit to an exponential wikh. = 7300+ 200

s1 a=(9.6+8.0) x 10° s'%, andAH°® = 13604 150 cnt?. Inset:
M71GL/L104EV kqs plotted as a function of relative triplet yield at
290 K. Data fit to a straight line with slope 5000+ 2000 s* and
intercept= 5800+ 2500 s.

Figures 710. The ordinate for each pointksysfor a particular
magnetic fieldB, and the abscissa ®3p®/'Pspe-0. Because there

is error both in the measurement of the zero-field triplet yield
(calculated from the initial bleach amplitude, transmission prior
to the pump pulse, and sample absorption) and in the relative
"triplet yield at the applied magnetic field, the horizontal error

mutants: the protein yield per gram of cells is about half that
for the other mutants, and a large fraction of the M71GL/
L104EV RCs denature upon quinone depletion. The L104 site
is close to the @ binding pocket, and it is possible that the
combination of removing the hydrogen bond to. knd
removing the quinone is enough of a perturbation to destabilize
the protein structure. The end result is that it proved difficult
to obtain enough Q-depleted protein to carry out experiments
and combined with a low triplet yield (see below), this resulted ; ; -
in a poorer signal-to-noise ratio for this mutant than for the Pars in the insets of Figures—20 tend to be large. In the
others. The ground-state bleach of P is significantly smaller in Prévious iteration of these experiments on the R26 RCs,

M71GL/M214LH than in any of the other mutants, indicating 0!dstein et al. used a 13.5-T magfethe consequence of
a much lower triplet yield, and resulting in a poor signal-to- using a weaker magnet for the current set of measurements is

noise ratio. The low triplet yield is likely due to the fact that that there is a smaller range over which to extrapolate a linear

1(P*4,~) recombination is nearly 20 times faster than for wild- "€ationship betweekons and ®s(B)/®3(B=0). In the case of
type 22 leaving insufficient time for significant singletriplet the M71GL/M214LH and M71GL/L104EV mutants, where the

evolution by any mechanism. Tlygfactor for3.~ has notbeen  UiPIet yields are very low, there is a large error in the zero-
reported, as it is difficult to trap given the short/R - lifetime 26 field value, giving rise to especially large error in the relative
The in vitro g factor for the bacteriochlorophyll radical anion tr!plet yield. The parameters fro_m the linear fits to the insets in
(2.0028 £ 0.0002%728 is comparable to that for the bacte- Figures 7-10 are summarized in Table 2.
riopheophytin radical anion (2.003# 0.0002)28-30

The values okqpsversus the quantum yield &P normalized
relative to the yield at zero field as a function of magnetic field  Approaches to Data Analysis.The validity of eq 1 for
at room temperature are shown in the insets for each mutant indetermining AH® for 3P — 3(P*H_™) from the temperature

Discussion
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22,000 R e e e e e the near energetic degeneracy of the singlet and triplet radical
| w000 b T T e pair states, thereby decreasing interconversion between the
20000 7 4 ’ states. kops is affected by an applied field only at higher

18,000 - * 18.000 temperatures (Figure 5): once in thfe state, the RC requires
sufficient thermal energy to re-ford§P™H,_~) and thereby decay
through the process that is affected by an applied magnetic field.
In the earlier experiments on the temperature dependence of
kobs for R26 RCs at high magnetic field, the experimental
apparatus did not allow the sample temperature to be lowered
below 200 K, and this was used to provide the asymptotic value
of kisc.® In these new measurements, we were unable to apply
such high magnetic fields, but were able to lower the temper-
5 000 ature to 1.5 K (120 K proves adequate). As shown in Figure 7
005 0004 0005 0006 0007 0006  0.009 (_dashed Ilne_), the single-exponential fit f_or the hlgh-magnetlc-
1T (1K) field data points from 29Q to 200 K used in the earlier work on
R26 (AH° = 1450 cn1?) fits well to the new data on M71GL
over the temperature range 29200 K; however, it does not

16,000 -

kobs (5-1 )

14,000 -

KN

12,000 -

0.8 1.2 1.6 2 24

10,000 - @35(B)/Dyp(B=0)

8,000 -

Figure 10. Temperature dependencelqfs for M71GL/M214LH at
an applied field of 8 T. Data fit to an exponential witlg. = 8000+

300 51 a = (15 + 12) x 10F s, and AH®° = 1440+ 200 cni’. adequately fit all of the points in the low-temperature region.
Inset: M71GL/214LHksplotted as a function of relative triplet yield  If the 8-T field applied in the current experiments were not
at 290 K. Data fit to a straight line with slope 3600+ 1900 s* and sufficiently close to the infinite-field limit to circumvent the
intercept= 10 000+ 2800 s™. effects of nuclear spin polarization, the high-temperature points

in the current data set would deviate from those of the previous
data set with the 13.5-T magnet. The observation that they do
not suggests that the 8-T magnet is able to drive the radical
pair singlet-triplet interconversion through thg effect, with

dependence of the triplet decay has been discussed previdusly.
Briefly, the analysis is predicated on the assumption Kaat
kise AH®, AS’, and®3p are temperature-independent. For R26 < . 8 .
reaction centerss and®z» do depend on temperature, wkk mlnlmal perturbation from the effects of nuclear spin polariza-
decreasing by a factor of about 4 as the temperature is Ioweredt'on'_ _ )
from room temperature to 1203Kand ®sp increasing by a With the wider temperature range, we can refine the value
factor of approximately 3 over the same rafig@he temper-  Of AH®. Figure 7 (solid line) shows the single-exponential fit
ature dependences of these two factors are relatedksas Over the entire temperature range and giet? = 1230 cni*.
decreases, the triplet-forming pathway competes more ef- With this improved value for the activation energy f&t —
fectively with charge recombination to the ground state (Figure (P"HL"), the enthalpy difference betweéR and(P*H_")
2). The temperature dependences of these parameters have néicreases from the previous value of 2050 to 2270 ¢rithe
yet been reported for any of the double mutants made for this preexponential decreases by a factor of 2 in the full fit relative
study, but it is reasonable to assume that, given the underlyingto the 296-200 K fit for data taken at 13.5 T. The fit to the
scheme, the temperature dependences will generally offset, sdarger range of temperature points results in a better determi-
that the productks®sp, will be only weakly temperature- nation of the preexponential, although some of the difference
dependent and much less so than the exponential dependenceetween the preexponential from this fit and the 13.5-T fit is
in the activation term. due to the fact that the triplet quantum yield&T is about

The magnetic field dependencelggsand the triplet quantum ~ 20% less than that at 13.5°T.
yield is a second method for determining the activation energy ~ The values oksps as a function of the relativéP quantum
for 3P — 3(P*H_"). To extract any useful information from the  Yield between 2 ath 8 T atroom temperature fit reasonably
fit, ks and ®3p(B=0) for each mutant must be knowks has well to a line (Figure 7, inset). From eq 3, théntercept of the
not been directly measured for any of the mutants studied, line is kisc. ksc is known to have some dependence on
although the radical pair lifetime has been measured for temperaturé,and it is reasonable that the value derived from
Q-depleted L168HF and M214LH mutants Bb. sphaeroi- this room-temperature measurement is not identical to the low-
des33:34d,(B=0) is known with reasonable accuracy for R26 temperature limiting value d&,s The slope of the fit line, 5600
reaction centers, and this value should apply to M71GL (see S%, is equal to"/3ks®3x(B=0)e AC. The value ofks for R26
below), but®3;5(B=0) has not been measured for any of the RCs (and presumably M71GL) has been measured to be (4.9
other mutants studied. To estimabas(B=0) for a mutant, we £ 0.4) x 10" s71,3% and ®3(B=0) for R26 RCs has been
compare the initial bleach of P in the mutant with that of determined to be 0.32 0.04123%so the value fonG® for 3P
M71GL, using samples with the same absorption at 532 nm — 3(P*HL") is 1390+ 40 cntl. The resulting free energy
and taking into account the probe transmission prior to the difference for initial electron transfer in M71GL derived from
excitation pulse and the sample absorption at the probethe magnetic-field-dependent data is 2110 &mAs in our

wavelength (Figure 3). Substituting the slope of the fit likg, earlier work, within the experimental error, the valueA®°®
and ®3x(B=0) into eq 4 gives the experimental value/®dG°, is approximately equal to that afH°.
the standard free energy difference betwéRrand3(PTH_ ™). The driving force for the reactiot? — Y(PTH_~) has also

M71GL. M71GL is the background mutation that makes been estimated by redox potentials and delayed fluorescence.
these experiments possible, and it is important to compare Comparisons between redox measurements, delayed fluores-
M71GL and R26 RCs. The value &f,sand its dependence on  cence, and triplet decay measurements have been discussed
a small applied field, as well as the dependence of the relative previously; see Goldstein et @br Parsoff for reviews. Redox
triplet yield on a small magnetic field, are very similar to those measurements suggest that~ is 8430-8510 cnv? (1045—
of R26 RCs (Figures 4 and 5)Dsp decreases with increasing 1055 meV) above the ground state and 269870 cnt?! below
field at all temperatures (Figure 4), as the applied field breaks 1P 20.29.333741 Analysis of the amplitude of delayed fluorescence
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TABLE 1: Fit Parameters from the Temperature-Dependent, High-Magnetic-Field Data

mutant Kise, S7* o, st AH° 3P—3(PTH_ "), cmt
M71GL 7900+ 150 (6.0 1.5)x 1¢° 1230+ 60
M71GL/L168HF 8900+ 600 (3.5+1.9)x 1¢¢ 1020+ 100
M71GL/L104EV 7300+ 200 (9.6 8.0) x 1¢° 1360+ 150
M71GL/M214LH 8000+ 300 (154 12) x 10° 14404+ 200
A as those of Holzwarth and Mar, was due to energetic
heterogeneity persisting on the hundreds of microsecond time
scale. They pointed out that Holzwarth and’IMu analyzed
15004 M214LH their data using decay components with linked amplitudes taken
' M71GL LI4EV — from delayed fluorescence measurements, so that it was not
= P*H, — surprising that the results of Holzwarth and Mu resembled
g L168HF those of delayed fluorescence measurements.
= 1,000 - The results for the triplet decay experiments reported here
Ry for M71GL are very similar to those previously reported for
< ! .
R26. The free energy change for primary charge separation
5004 determined from these measurements is larger (2118)diman
the values estimated from delayed fluorescence (3300
cm™Y), and an additional disagreement exists over the role of
AS in charge separation. The delayed fluorescence measure-
ol p — ments suggest that the charge separation reaction is largely
Figure 11. Summary schematic depicting the measured enthalpy driven by entropy, whereas the triplet decay experiments suggest
difference betwee@P and PH_~ for the four mutants studied. that the change in entropy associated with charge separation is

negligible. There are two recurring explanations for the dis-

for wild-type and R26 RCs yields an apparent free energy agreements between the conclusions reached by delayed fluo-
difference betwee#P and PH_~ of about 1370 cm! at room rescence and triplet decay measureméhithe disagreement
temperature, decreasing to 400¢mat 100 K2-7 Unfortunately, could stem from the fact that delayed fluorescence measurements
in most measurements of delayed fluorescence because th&ample the system during the 20-ns lifetime 6Hp~, whereas
original papers, magnetic field effects were not reported. We the triplet decay measurements cover the A80fetime of3P.
take the presence of a magnetic field effect as an essentialThus, the triplet decay and the delayed fluorescence experiments
indication that the species giving rise to delayed fluorescence could be measuring the energies of different states or states with
(or the back-reaction froiP, as in the current work) is a weakly  differing degrees of relaxation. The second explanation offered
coupled radical pair. is that inhomogeneous broadening, due to different protein

Two other groups have recently obtained estimates for the conformations, causes the RCs to be heterogeneous with respect
driving force for initial electron transfer by a combination of to the energy of PH_~.743 At low temperature, PH_~ will
transient absorption spectroscopy and simulations. Holzwarth recombine to'P only in that subpopulation of RCs that has a
and Miller measured femtosecond transient absorption spectrarelatively high energy of PH_~. Persistent energetic inhomo-
from 500 to 940 nm over the range-@00 ps and fit the geneity (on the order of 10@s) might affect the triplet decay
resulting spectra with decay-associated difference spectrameasurements in a similar manner, except that, at low temper-
(DADS) and species-associated difference spectra (SADS). ature,3P will re-form 3(P*H_") only in the subpopulation of
They modeled these spectra extensively and, from the kinetic RCs with a relatively low energy of fH_~. This would cause
models, determined that the room-temperature free energydelayed fluorescence measurements to underestimate the free
difference betweefP and PH_~ is 730 cn1! and that PB_~ energy difference betweetP and PH_~ and triplet decay
is 330 cn1! below!P. Holzwarth and Mler did not measure experiments to overestimate the enthalpy difference between
the temperature dependence A6° nor did they study RC 1P and PH.. This issue is discussed further below.
mutants. They argue that the discrepancy between their mea- M71GL/L168HF. The M71GL/L168HF mutant introduces
surements and those of Ogrodnik et al. and Goldstein et al. wasa perturbation to the special pair by removing a hydrogen-
due to the difference in time scales measured in the experimentsbonding group near the ring | acetyl group of the L-side P
Whereas the experiments of Holzwarth andIl&lumeasured chromophore. The special paix ®and shifts to 850 nm at room
electron transfer on the picosecond scale, the other measuretemperature, compared to 865 nm in wild-type (WT). The
ments were slow enough to allow the protein time to relax fluorescence spectrum for L168HF has not been reported, but
around the radical pair, lowering its energy. They suggested room-temperature decay-associated spectra from stimulated
that this conformational relaxation occurs on the tens to hundredsemission measurements suggest that the emission from L168HF
of picosecond time scale. is blue-shifted relative to that of W¥. Assuming that the

In the second alternative method, Volk et al. measured the emission is blue-shifted as much as the absorption, the shift in
magnetic field dependence of the reaction yield (MARY), with the absorption maximum represents an increase of 200 tm
relatively weak magnetic fields af 700 G43 By modeling their the energy ofP in the L168HF mutant. At 77 K, the absorption
transient absorption data, they extract the energies & P band for M71GL/L168HF shifts to 870 nm, compared with 890
and PH_~. They found that the free energy difference between nm for M71GL (an increase of about 260 chirelative to
1P and PH_~ is 2020+ 80 cnt! and that PB_~ is 570+ 80 M71GL at 77 K) (Figure 3). Phosphorescence has not been
cm~1 below 'P. Their measurements between 200 and 300 K measured to determine whether the energjPofilso shifts in
indicate thatAG® is almost temperature-independent over this the L168HF mutant; in the absence of precise information, we
range. Volk et al. suggested that the discrepancy between theimwill assume that théP—3P singlet-triplet splitting is the same
measurements and fluorescence decay measurements, as welk in R26.
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TABLE 2: Fit Parameters from the Magnetic-Field-Dependent, Room-Temperature Data

mutant Kis, S°* slope, s? AG°3P—3(PTH."), cmt
M71GL 11 700+ 1500 5600t 1100 1390+ 40
M71GL/L168HF 14 00Gt 2000 13 706t 1700 1150t 50
M71GL/L104EV 5800+ 2500 5000t 2000 1260+ 150
M71GL/M214LH 10 000+ 2800 3600+ 1900 1600+ 300

The dependence df,s and the quantum yield of triplet
formation on a weak magnetic field are similar in M71GL/
L168HF and M71GL (Figures 4 and 5). The temperature
dependence okops at 8 T shown in Figure 8 fits to a single
exponential with a slope of 1020 ct thus, AH® between®P
and PH_~ is about 200 cm! smaller in this mutant than in
M71GL. Assuming that the singletriplet splitting remains the
same in the M71GL/L168HF mutant and taking the energy of
1P in M71GL/L168HF to be 11400 cm, AH° for initial
electron transfer is 2480 crh an increase of 210 crrelative

the energy of the PH_~ state relative to the ground state in
M71GL/L168HF is nearly identical to that in M71GL. In this
scenario, the increase in the free energy difference bethreen
and(P*H_") in M71GL/L168HF appears to be due entirely to
the 200 cm? shift of the P absorption band to higher energy in
the double mutant and not to the change in the redox potential
of P. We stress that this last conclusion depends on the
assumption that the singtetriplet splitting in P is unchanged

by the L168HF mutation. The data show that the energy
difference betweefP and3(P™H_") is smaller in L168HF; a

to the value derived for M71GL from the temperature-dependent direct measurement of the phosphorescence spectriif iof
data.ks has not been explicitly measured; however, the decay this mutant is needed to ascertain the true singlgplet

of the bleach of P in Q-depleted RCs of the L168HF mutant
following excitation by a 5-ns pulse was measured to bex3.8
10’ s1,33which is similar to the value for R26 RCs. The triplet

splitting.
M71GL/L104EV. The L104EV mutation removes a hydrogen-
bonding group near the ring V keto group in.HResonance

yield at zero magnetic field was estimated by using samples Ramart* infrared#> and ENDORS® experiments suggest that
with the same absorption at 532 nm and measuring the initial the native glutamic acid at position L104 interacts with the
bleach of the P band at room temperature corrected for the bacteriopheophytin in the Hoinding site, probably through a

transmission prior to the excitation pulse at the probe wave-

length. The value is about 25% less in the M71GL/L168HF
mutant than in M71GL, takingbsp(B=0) = 0.32 for M71GL
and ®3p(B=0) = 0.25+ 0.05 in the M71GL/L168HF mutant.
The smaller preexponential derived from the fit of the temper-

hydrogen bond. Removal of the L104 hydrogen bond is expected
to raise the free energy of'Pl.~ as H becomes more difficult

to reduce’” The hydrogen bond at L104E results in a red shift
of the Q¢ absorption of K, making the two bacteriopheophytin
chromophores spectrally resolvable at low temperature (Figure

ature-dependent data in Figure 8 is consistent with the smaller3). In the M71GL/L104EV mutant, the Qbacteriopheophytin

value of ®3p(B=0) estimated for L168HF.

The magnetic-field-dependent data for M71GL/L168HF fit
well to a straight line with slope 13 700% With ks estimated
as 4.9x 10’ s~ and®3p(B=0) estimated as 0.25, the slope of
the fit to the magnetic-field-dependent data translateA®S
for 3P — P*H_~ of 1150+ 50 cn1?, corresponding t&AG® for
1P — P*H_~ of 23504 50 cntl. This is an increase of 240
50 cnt! relative to the value derived for M71GL, and again
AG® ~ AH°.

The P/P midpoint potential in L168HF decreases by 20
10 meV relative to wild-type, a change of 72580 cnt1.19.20
Assuming that the mutation does not affe¢i{H{ ~, this change

bands overlap, and theyQregion of the H band becomes
sharper. This is similar to what has been reported previously
for the L104EL mutation irRb. capsulati® and the L104EV
mutation inRb. sphaeroide®’

kobs and @3p for M71GL/L104EV have little dependence on
weak applied fields unlike in M71GL (Figures 4 and 5), whereas
d3p changes upon application of a high magnetic field much
like M71GL (Figure 6). The temperature dependencek§
for M71GL/L104EV 4 8 T fits to a single exponential with a
slope of 1360 cm, that is, the’P—P™H_~ enthalpy gap is larger
than in M71GL. The energy &P should be unaffected by the
L104EV mutation because the change is far from P and there

in the redox potential of P could translate directly to a change is no effect on the Q absorption of P. ThusAH® for 1P —

in the P — P*H_~ free energy difference, which might be
expected to significantly affect the rate of primary charge

(PtHL") from the temperature-dependent data is 2140%¢m
a decrease of 130 crhrelative to M71GL. The magnetic-field-

separation. Nevertheless, the L168HF mutant has an electron-dependent data for M71GL/L104EV are noisy but can be fit to

transfer lifetime that is almost identical to that of wild-type at
room temperature (3.6 vs 3.8 ps for WIP)The change iAG®

a line with a slope of 50004. The initial bleach amplitude at
zero field and room temperature indicates that the triplet yield

that we measure is substantially smaller than the value predictedn M71GL/L104EV is 46-60% smaller than in M71GL, the

from the redox potential shift. Delayed fluorescence has beenuncertainty being due to the low triplet yield and large difference
measured for L168HF, but the analysis of the data is problematicin absorption at 532 nm. A possible explanation for the low
because the decay component of long-lived fluorescence thattriplet yield is thatks has increased; however, there is no

in WT is most convincingly assigned to'A_~ decay (i.e., due

evidence for this using the ™.~ — P™Qa~ vs PTH ~ —

to its magnetic field dependence) is absent in the L168HF ground state competition Rb. sphaeroideas a metrié* Using
mutant!® Murchison et al. speculated that the disappearance of the same value fdks as in R26 and approximatingzp(B = 0)
the longest-lived delayed fluorescence component indicates anfor M71GL/L104EV as 0.16t 0.05, we obtain an approximate
increase in the equilibrium constant favoring the forward value forAG® for 3P — 3(P™H_~) of 12604 150 cnt. From
reaction, suggesting an increase in the free energy differencethis value, the calculatefNG® for initial electron transfer is 2240

between!P and}(P*H_").

By assuming that théP—3P energy difference is the same
as in WT, the energies ofP and 3P both increase by
approximately 200 cm, so the observation from the triplet

+ 150 cn. With the large uncertainty iNG®, it is not possible

to offer more definitive information on the entropy at this time.

The redox potential of the Hchromophore in situ in LI04EV
has not been measured. Room-temperature delayed fluorescence

decay experiments that the free energy of charge separation alsdor the L104EV mutant in @-containing Rb. sphaeroides

increases by about 200 cleads to the unexpected result that

suggests that the free energy of charge separation decreases by
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about 256-320 cnt! relative to wild-type?* Unfortunately, the M71GL and 1x 10° s71 for M71GL/M214LH, we calculate
magnetic field dependence was not reported for this mutant, sothat ®3;5(B=8)/®35(B=1) should be 32 for M71GL/M214LH

it not clear that the measured delayed fluorescence arises fromand 4 for M71GL. Thus, the experimental results suggest the
1P re-formation from the radical pair. The decreas@Hr for M214LH mutation might affeckr, AE, or Ag, in addition to
charge separation in M71GL/L104EV relative to M71GL that ks.

we measure is consistent with the direction of change measured  Fitting the temperature-dependent data to an exponential
by delayed fluorescence, but the magnitude of the change isresults in aAH° value for 3P — 3(P*3.) of 1440 cnil.

substantially smaller. Combining this value with the energies ¥ and'P results in
The energetic effects of the LI04EV mutation can also be AHe for 1P — (P4, ~) of 2060 cnm? for this mutant, 210 crm
measured by resonance Stark spectroscopy oniti®rption  |ess than the value obtained for M71GL. This difference is

band?®4° This spectroscopic observable arises from the effect similar in magnitude to the decrease in enthapy measured in
of an applied electric field on the B — B_™H_~ electron- M71GL/L104EV.

transfer reaction. Among other electron-transfer parameters, \yhereasks can be estimated for M214LH because singlet

changes in the driving force can be obtained. Assuming that ¢4 g6 recombination to the ground state is so dominant in this
only H_ is a_ffected by the L104EV mutation, the energet_lc sh|_ft mutant, ®sx(B=0) has not been reported. There are two ways

of BL*HL™ in L104EV can be compared to the energetic shift estimatedsx(B=0) in M71GL/M214LH. We can compare

of PTH. ™ determin_ed from mP'et decay kinetics as they share g jnitial bleach of P at room temperature in M71GL/M214LH
the same energetic perturbati®Both resonance Stark spec- with that of M71GL, in which case we find thabs(B=0) is

troscopy from our laboratofyand the’P decay measurements  ;00yimately a factor of 15 less in the double mutant than in

presented here are consistent with an increase in the energy ojy71G|, or about 0.02. Alternatively, the preexponential derived
the charge-separated states in L104EV relative to that in wild- .4 the fit to the M71GL/M214LH data is found to be 3 times

type. The resonance Stark effect in the LL04EV mutant is small larger than the preexponential for M71GL. From eq 1, the
_and dlfflcult_ to resolve, but the extrapolateq energy Q’rBL*_ preexponential is equal fd:ks®sreAS™e, Then assuming that
in LIOAEV is at least 300 cnt larger than in wild-type. This | s 50 times greater in M71GL/M214LH than in M71GL and
is larger than the change inA_~ as measured by triplet decay. provided tha\S’ is similar in M71GL and M71GL/M214LH,
The source of this discrepancy is not known and is discussed¢3P(B:8) is about 7 times less for M71GL/M214LH than for

below. We note that the states and the underlying processes\y71GL under the same conditions. We meas@rg(B=8)/
measured by each methodology are different and that bOthq)gp(B:O) in M71GL as 1.7, suggesting that, for M71GL/

methods require multiple assumptions to extract energetics fromy514| 4 ®3(B=8) ~ 0.08. In M71GL/M214LH ®3:(B=8)/
the observables. _ ®3(B=0) is about 2.3, suggesting that, for M71GL/M214LH
M71GL/M214LH. In M?lGL/M214LH, the baCterlOpheo- at room temperaturebgp(B=0) ~ 0.03. This low triplet yleld

phytin in the H binding site is replaced by a bacteriochloro- ot .o rse relates directly to the difficulty of measuring the triplet
phyll. This improves the spectral resolution in the €gion decay in M71GL/M214LH.

(Figure 3), and because bacteriochlorophyll is more difficult to L
reduce in vitro, this change is expected to perturb the energetics The magnetic-field-dependent data for M71GL/M214LH have

of initial electron transfer. Because M214 is far from the special a huge uncertainty because of the small triplet yield. The best

. : -~ fit to a line gives a slope of 360@ 1900 s*. Combining this
air, the energies ofP and3P are not expected to change in .
tphe M7lGL/M2914LH mutant relative to M7plGL and the P-gband result with the value oks for M214LH and a range of values
S - ’ for the zero-field®*(B=0) = 0.03+ 0.02 givesAG® for 3P —
Qv transition is unaffected (Figure 2).

: : : 3(P*BL7) of 1600 + 300 cn1?, resulting in AG® for P —
Triplet yield and decay in M71GL/M214LH depend weakly 1§P+gL‘; of 1900 - 300 cnt for M7ngL/M214LH 2104
on a small, applied magnetic field (Figures 4 and 5). The 300 L 11ess than in M71GL. M imati ' d
observedba(B=8)bar(B=1) ratios for M71GL and M71GLI %y o Moulce ™ o G i e relative o
M214LH are the same within experimental error, with values M71GL is what is ex écted ar?NG" is in the sa?me range as
of about 3 (Figure 6). Within the framework of the scheme in P ’ 9

Figure 2 and in the high-field>1 T) limit, triplet yields can M- S _ ,
be calculated using the equathn Although the midpoint OX|dat|on_ pot_entlal of P in M214LH
has not been reported, the mutation is far enough away from
K; w? the special pair that it should be unaffected. The reduction
PokB) -l 2 2 (5) potential of bacteriochlorophydl in CH,Cl, has been measured
i "+« to be —850 meV2° and this value would predict that'B_~ is
where only 270-350 cnr? below P in M71GL/M214LH. Delayed
fluorescence has been reported for the M214LH mutant,
= AgpB ©) indicating that the free energy change associated with charge
h transfer is 6004+ 200 cnt?, although the magnetic field
dependence of the delayed fluorescence components was not
and measured to verify that the fluorescence is due to recombination
5 from the radical pair staté&.
2= K + 4AE—kSkT (7) Assuming that only His affected by the M214LH mutation,
(ks + kT)2 we can directly compare the energy shifts extracted from

resonance Stark spectroscopy on theaBsorptiof! to those
wheref is the Bohr magnetorB is the applied magnetic field,  obtained from théP decay data, as was done for L104EV. Both
h is Planck’s constant divided byr2 and AE is the splitting resonance Stark spectroscopy afddecay suggest that the
between the S andgTstates of the PH._~ radical pair. With energy of the charge-separated states is increased in M214LH
the same values afg (0.001),AE (7 G), andkr (5 x 18 s71) relative to that in WT. The resonance Stark effect foriBthe
for these mutants, but assuming tlikatis 4.9 x 107 s~ for M214LH mutant is small and difficult to resolve; nonetheless,
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the extrapolated energy of BS, ~ appears to be greater than ~ (2) Schenck, C. C.; Blankenship, R. E.; Parson, W. Bibchim.

that in L104EV. Thus, although the direction of the change is B'OpgyswAC‘géggz %8%\/4_4;59- W, VBiochim. Bioohvs. ACtA8

the same, as with L104EV, the resonance Stark data suggest 6)67’(3)45821_ ury. N. W. Parson, W. iBlachim. Blophys. ActdS64

larger change than th#® decay data. (4) Woodbury, N. W.; Parson, W. Biochim. Biophys. Act4986
Summary and Issues.An analysis of the temperature 850 197-210.

. s ; (5) Ogrodnik, A.Biochim. Biophys. Actd99Q 102Q 65—-71.
dependence of th# decay in high magnetic fields can provide (6) Peloquin, J. M.. Williams, J. C.. Lin, X.: Alden, R. G.. Taguchi,

quantitativg informgtion on .the energetics dﬂ-R*.reIa.tive to A K. W, Allen, J. P.; Woodbury, N. WBiochemistry1994 33, 8089
3P. Experimental information on the energetics in situ is 8100. _ _ _

invariably obtained by indirect approaches, and each approach é7)J %ggsg”g‘ﬁgﬁ?ﬂg%‘fgév‘gggg M.; Aumeier, G.; Michel-Beyerle,
has.specmc assumptions and assomateq Ilmltathns. As dlslcussealI (8) Goldstein, R. A.; Takiff, L. Boxer, S. GBiochim. Biophys. Acta
earlier, there appears to be a consistent difference in the19sg 934 253-263.

energetics obtained by delayed fluorescence and by the activa-334(9) Takiff, L.; Boxer, S. G.Biochim. Biophys. Actd988 932, 325~
tion (_an_e_rgy of the trlp_let de.caY' V(.)Ik etal. rlave dls_cussed the (iO) Ridge, J. P.; van Brederode, M. E.; Goodwin, M. G.; van Grondelle,
p953|blllty 'ghat .there is a dlstrlputlon of Pl energies, and R Jones, M. RPhotosynth. Re<.999 59, 9—26.

this possibility is reasonable given the large change in charge (11) The notation PI~ was used in the earlier literature, as the nature
distribution associated with charge separaffo@n the other of the intermediate electron acceptor | was not certain. It is generally agreed

- . . - o that the radical pair whose magnetic exchange interaction is small enough
hand, the RC is exquisitely designed to perform efficient charge 1, 5jj0w singlet-triplet mixing by hyperfine fields and factor differences

separation, even at low temperature, so an alternative view isis PtH_~, not P'B.~. There is no definitive proof for this, and the
that the RC protein has evolved specifically to accommodate observation that the mutations near 8an affect®® qecay suggest that
the charge-separgted species, i'?" the distribution might be quit opErLatigﬁhz;lﬁletr:gvscila\/tid\}vr\]/gse\:‘v;tleL::Saen tbheemn;rtieg:ﬁgte?bytg rggstr:lrelzlt)ig field,
homogeneous (this would have little effect on the neutral ground noting this caveat.
state). (12) Roelofs, M. G.; Chidsey, C. E. D.; Boxer, S. Ghem. Phys. Lett.

If an inhomogeneous distribution of*A.~ energies were 1982 87, 582-588. . o
relevant for the delayed fluorescence and triplet decay measuresoélggggg%ér’ H.; Schulten, K.; Weller, &iochim. Biophys. Acta978
ments, then one would expect that the energies extracted by (14) Haberkorn, R.; Michel-Beyerle, M. Biophys. J1979 26, 489
each method would be weighted toward the top and bottom, 498. )
respectively, of this distribution. Because the triplet decay 195(3105)74022135_‘?’15 E. D.; Roelofs, M. G.; Boxer, S. Ghem. Phys. Lett.
experiments sample the lower fraction of the radical pair, the " (16) Goldstein, R. A.; Boxer, S. Giophys. J.1987, 51, 937—-936.
data would underestimate the enthalpy difference betwBen (17) To circumvent the problems of nuclear spin polarization, we
and p‘HL*’ |eading to an overestimate of the enthalpy difference attempted to excitéP directly in Q—depleted M71GL RCs, using an optical

_ . . parametric oscillator (OPO) as an excitation source. We scanned the output
between'P and PH.". If the width of the energetic inhomo- of the OPO between 1200 and 1400 nm without observing any measurable

geneity is the same for all mutants but the center of the p ground-state bleach signal with lock-in detection. Because the molar
distribution shifts systematically, the triplet decay would extinction coefficient of the B band is known, we used 800-nm excitation
underestimate the enthalpy difference for each mutant, but thGOf the B band as a standard to estimate that the molar extinction coefficient
. . y for triplet absorption must be less than 10.
relative enthalpy _dlfference between mutants should reflec? the " (18) We note that the interconversion betwd@H, ) and3(P*H. ")
actual enthalpy difference between the mutants. The magnitudeis also critical for delayed fluorescence measurements, because in those
of the systematic underestimate depends on the energetic Widtrfxperiments the delayed fluorescence arises from equilibration between
of the radical ion pair inhomoaeneity. Oanodnik et al. used a (P*H‘L‘) and !P. Delayed fluorescence measurements and triplet decay
. @ p g ; y.- U9 . © S experiments are thus both plagued to some degree by nuclear spin
Gaussian distribution of free energies and estimated a width of polarization.
800 cnT!.” Resonance Stark experiments from our laboratory _ (19) Murchison, H. A.; Alden, R. G.; Allen, J. P.; Peloquin, J. M.;
are interpreted using a distribution of coupled energies (in that ggg‘ézgg’%o'é W.; Woodbury, N. W.; Williams, J. Giochemistryl993
case, for the B+H_L7 state) that Ison the order of ];000 chn (20) Lin, X.; Murchison, H. A.; Nagarajan, V.; Parson, W. W.; Williams,
Unfortunately, this parameter is not well determined by the J. C.; Allen, J. PProc. Natl. Acad. Sci. U.S.A994 91, 10265-10269.
resonance Stark data obtained to date; however, the data are, (l\?;t)urzyjl.ggé%é %{%&“‘1‘5{' C.; McDowell, L.; Holten, D.; Youvan, D.
Fot_ally |nC(_)nS|stent with a spread less than ab(_)ut 5001cth _ '(22) Kirmaier, C.. Gaul, D'.; Debey, R.; Holten, D.; Schenck, C. C.
is interesting that the resonance Stark data give energy shiftsscience1991 251, 922-926.
with mutation that are intermediate between the values estimated (23) Goldsmith, J. O., Boxer, S. Giochim. Biophys. Acta996 1276
from delayed fluorescence and triplet decay data. The resonancé7g41)7%kamura VLY - Isancson. R, A.: Feher Boc. Nail. Acad. Sci
Stark effect depends _both on the_ width of the distrit_)utio_n U.S.A.1975 72, 34913495, o R T
(assumed to be Gaussian) and on its peak value, so this might (25) Boxer, S. G.; Chidsey, C. E. D.; Roelefs, M. Boc. Natl. Acad.
ultimately prove to be the best method for extracting true Sci- U.S.A1982 79, 4632-4636. o _
energies. Unfortunately, resonance Stark effects are not observeg; %f) m ueh},F'; L Ub,%’ - Per§°”?<' C}? mgunIcatlon%gg-mamk-mmum
T 2 . . A r Strahlenchemie, eim ander Ruhr, Germany, .
for the excitation of P itself for reasons discussed in the original = (27) Fajer, J.; Borg, D. C.; Forman, A.; D0|ph¥n, D.: Felton, R.H.

papers'®4951 Nonetheless, in cases where the perturbation is Am. Chem. Sod973 95, 2739-2741.

har h h for - dir mparison r (28) Fajer, J.; Forman, A.; Davis, M. S.; Spaulding, L. D.; Brune, D.
S aglgll, such as those for M.~ direct comparisons are . "= /¥ e 1 "Am. Chem. Sod577, 99, 4134 4140,
possible. (29) Fajer, J.; Brune, D. C.; Davis, M. S.; Forman, A.; Spaulding, L. D.
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