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Probing Excited-State Electron Transfer by Resonance Stark Spectroscopy: 4. Mutations
near B in Photosynthetic Reaction Centers Perturb Multiple Factors that Affect
Bf — B H_
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Stark spectra have been obtained in the region of absorption by the accessory bacteriochlorophylls (the B-band
region around 800 nm) iRhodobacter sphaeroidesaction centers. The Stark spectra in this region are
dominated by the resonance Stark effect @f e accessory bacteriochlorophyll on the functional side;
results in Part 1 of this series demonstrated that these effects are associated with the alternative electron-
transfer pathway B— BfH[, where H is the bacteriopheophytin acceptor on the functional side. Low-
temperature absorption and Stark spectra for unmodifigeieQuced and P-oxidized samples of wild-type

and three mutant reaction centers (M203GD, M210YF, and M210YW) are presented. This combination samples
many perturbations to the:rHH[ state that can be quantified by fitting the data using the theory of resonance
Stark effects developed in Parts 2 and 3 of this series. It is found that the mutations perturb not only the
energy of QLH[ relative to that of B but also the electronic coupling between these states and the effective
distance of charge transfer for the reactigh-B BfH[. Rates for this alternative charge-separation pathway

are estimated from spectral analysis and compared with time-resolved measurements reported by several
groups. By comparison of the spectra from ther@duced and P-oxidized samples, it is found that the dielectric
screening is larger in the region around gnd the probe EBH[ than in the region around P an@BL_. The

mean frequency of the vibrational modes that are coupled to this charge-transfer process is also estimated. In
the context of fitting the Stark spectra, evidence is presented for a strong excitonic interaction between the
localized transitions at the,Band H_ binding sites in reaction centers containing the M214LH mutation and
among the localized transitions at the, By, and P binding sites in wild-type reaction centers.

The initial electron-transfer reaction in bacterial photosyn- tions and by developing methods to increase the accuracy of
thesis follows the electronic excitation of the chromophores in the quantitative results presented héfidne physical picture of
an integral membrane protein called the reaction center {RC). radiationless transition theory at the heart of the resonance Stark
The RC consists of three polypeptides, denoted L, M, and H, model is illustrated in Figure 2the coupling between an excited
which bind six bacteriochlorins in a roughlg,-symmetric state and a continuum of vibronically coupled states gives rise
arrangement, illustrated schematically in Figure 1. Unidirectional to an exponential decay of the excited state and a lifetime-
electron transfer from a strongly interacting pair of bacterio- broadening of the transition from the ground state; the interaction
chlorophylls (BChls) known as the special pair or P to only between an electric field and the electric dipole moments of
one of two possible bacteriopheophytin (BPhe) acceptors, these dipolar states perturbs both the peak position and line
denoted H, occurs with a time constant of about 3 ps at room width of this transition. Figure 2 also illustrates many of the
temperaturé.Subsequent electron transfer to a nearby quinone, parameters in the resonance Stark model applied to the specific
Qa, proceeds with a time constant of 2003Bhe monomeric  case where B— B, H, . The parametefcr is the full width at
BChl between P and H denoted B, is known to assist this  half-maximum of the FranckCondon weighted density of
ultrafast charge separation on its way from P {o*The BChl states prc(¥), for the horizontal transition from Bto BIH, .

and Bg’he tgat aredrelateddby the loGal a}xisI ofhsymmetr)é 0 The parameted is the energy of the vertical transition between
B.L and H, denoted [ and Hy, respectively, have not been Bf and E{*H[ reduced byAct: & = (o — Fer)lAct, wherewo

found to participate in any electron-transfer process in wild- is the energy of the vertical transition betweenaid & and

type (WT) RCs. veris th f th tical transition bet ahd B
Part 1 of this series identified unusually large and broad Stark "cT 'S (N€ €nergy ot the vertical transition between
H_. Thus 6 = 0 corresponds to an activationless electron

spectra in the Qregion of WT and mutant RCs with the ‘ ¢ q " | of d to the M
alternative charge-separation pathway, B B:’H[ S Part 2 ranster, and negative vaiues otcorrespond to the Marcus
normal region. The paramet&ur is the magnitude oAucr,

defined the physical picture for understanding the line shapes ) o |
and magnitudes of these nonclassical Stark effects, calledth€ difference between the electric dipole moments oHB

resonance Stark effectsPart 3 refined the resonance Stark and B, reduced byAct: Aur = Auct/Act. The parametefris
model by strengthening its theoretical and conceptual founda- @ Scalar approximation to the local field correction tensor, which
accounts for a possible_difference betwegnthe externally
*To whom correspondence should be addressed. Phone: (650) 723-PPlied electric field, an@in, the internal field at Band H:
4482. Fax: (650) 723-4817. E-mail: Sboxer@stanford.edu. Fine = fF. The parametek is the square of the electronic
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Figure 1. The organization of the reactive components in Rig
sphaeroidephotosynthetic reaction center and the amino acid residues
M203, M210, and M214° The two bacteriochlorophylls in red are

closely associated forming the special pair, labeled P. The other primary
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G(¥), in the limit of high temperatur@the latter was previously
employed to analyze measurements made at ¥Tnkaddition
to describing the effects of these parameters on the resonance
Stark spectra and the expected covariances between them when
fitting experimental spectra, Part 3 also derives the equations
needed to convert between the radiationless transition picture
of excited-state electron transfer and the more common Marcus
picture>’

Parts 1 and 2 demonstrated that both chemical oxidation of
P and mutations in the vicinity of P, Band H significantly
perturb the unusual higher-order Stark spectra of the B
absorption band in a manner that is consistent with an effect
on the energy of BH,_. These observations were used to
suggest that B— B, 'H, is the process responsible for the
novel Stark effect. Here we use the refinement to the theory
described in Part 3 to determine quantitatively the perturbations
to Bf — B, H, due to P-oxidation and Qreduction for WT
and the single amino acid mutants M203GD, M210YF, and
M210YW of Rhodobacter sphaeroid€Cs; both the M203 and
M210 residues are located adjacent to (Bee Figure 1), and
all three mutant strains are known to slow the rate of primary
charge separatiotf:?14>Some of these samples overlap those

colors, yellow and blue, are used for the monomeric bacteriochlorophyll, described in Parts 1 and 2; however, improvements in sample

B, and bacteriopheophytin, (H which participate in the primary
electron-transfer events. The remaining bacteriochlorophyjl, @d
bacteriopheophytin, k& are colored orange and violet, respectively,

such that the spectral ordering of the five colors that we have used for

the six bacteriochlorins reflects the spectral ordering of the five principle
Qy transitions of reaction centers. Both the M203 and M210 residues
are located adjacent ta BThe M214 residue is adjacent tqQ Hand its
mutation to histidine substitutes a BChl, dengfedor BPhe in the H
binding site.
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Figure 2. Resonance Stark model with labels corresponding to the
reaction B — B,"H, . The transition between the Band B surfaces

is broadened by the mixing betweefi &d the continuum of vibronic
states on the BH, surface. The energetic interaction of an electric
field, F, with the electric dipole moment of the/'Bl, state perturbs
this mixing and the absorption spectrus) (n turn, shown schemat-
ically below. Gaussians plotted as a function of nuclear coordinate
represent the probability densities of the ground vibrational wave

preparation, data acquisition, and analysis lead to substantially
better values of the extracted parameters. In addition, we revisit
the absorption and Stark spectra of RCs with the M214LH
mutation to inform the analyses of the other spectra; the M214
residue is adjacent to,Hand its mutation to histidine substitutes

a BChl, denoteg, for BPhe in the H binding site (see Figure
1).20 When resonance Stark effects are fit to determine how
these chemical and mutagenic perturbations affect the driving
force for B — B, 'H_, we find that these perturbations affect
this reaction in other ways as well. These results can be used
to better understand measurements made in the time domain of
the dynamics of B21918 as well as the primary charge-
separation process from P* to H

Experimental Section

Protein Purification and Sample Preparation. All proteins
were expressed as poly(histidine)-tagged constructs and purified
from cultures of Rb. sphaeroidesas described in detalil
elsewheréd? Prior to elution of the RCs from the FPLC anion-
exchange resin, LDAO detergent was exchanged for Triton
X-100. After elution, the fractions with the greatest ratios of
P-band intensity to H-band intensity were pooled. Following
dialysis, this volume was then concentrated using Centricons
(YM-30, Amicon) until the maximum OD in the B band region
was 0.5-1.0 through a 2%m path length. Samples prepared
in this manner could flow easily down the sides of a microfuge
tube when tipped.

Concentrated RC solutions were diluted with an equal volume
of glycerol such that they produced glasses of high optical

functions on each surface. Gaussians plotted as a function of energyquality at cryogenic temperatures. To makg-@duced (@)

represent the FranekCondon weighted density of states, which
describes the vibronic coupling betweefi &nd the states on the/B
H_ surface.

coupling between Band B'H_, Vo, reduced byAcr: Wk =
Vo?/Act. The parameteicr is the angle between the transition
moment for the B— By transition and the direction akjicr.
The parameter§y and'gausare the Lorentzian and Gaussian

RCs, one volume of glycerol-containing RC solution was
degassed and mixed with two volumes of degassed150

mM sodium dithionite in 50/50 glycerol/buffer. P-oxidized P
RCs were prepared by mixing one volume of the glycerol-
containing RC solution with an equal volume of 50/50 glycerol/
buffer saturated with potassium ferricyanide. More than 95%
of WT, M203GD, and M210YF RCs were oxidized by this
method as judged by a comparison of the Stark effects of the P

contributions to the absorption line shape, respectively. The bands in neutral and oxidized RCs, while-956% of M210YW

functional form forpec(v) is expected to be a Poisson-distributed
function, P(), in the limit of low temperature and a Gaussian,

RCs were oxidized. These observations are consistent with P/P
oxidation potentials measured for these mutdhts.
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Figure 3. Absorption and Stark spectra for unmodified (black);i@duced (red), and P-oxidized (blue) preparations of wild-type (A), M203GD
(B), M210YF (C), and M210YW (D). All spectra were acquired at 77 K and normalized to a field of 1 MV/cm as described in the text.

SpectroscopyRoughly 15uL of these solutions was placed  such as those of the WT,Qand WT P* samples. The@® and
between two glass microscope slides, each coated with a 1600 signals were insensitive to these changes, except for their
A thick layer of indium tin oxide (ITO). The two slides were displacements with respect to the DC signal.
separated by an approximately 28 thick Kapton spacer. Al Absorption spectra from the single-beam spectrometer were
samples were immersed in liquid nitrogen in a cryostat of in- not corrected for the generally flat absorption of ITO between
house desigf which could maintain a bubble-free bath at 77 1000 and 700 nm or for the fluctuations in lamp intensity
K for more than 5 h. This permitted longer scans, increased petween scans. In some cases, improved low-temperature
signal averaging, and automated data acquisition. Generally lesssbsorption spectra were taken with a double-beam UV/vis
than 2% of the light beam was depolarized along its path to the spectrophotometer (Lambda 12, Perkin-Elmer) on samples
detector. placed between uncoated microscope slides. Absorption spectra

The Stark spectrometer, which also functions as a single- were baseline-corrected using the region between 1000 and 990
beam absorption spectrometer, has been described in detaihm. Absorption and Stark spectra for all samples except
elsewheré? Essentially, light from a tungsten/halogen bulb is  M214LH RCs were then scaled such that they corresponded to
first dispersed through a monochromator, and this light is then an optical density of 0.10 at the peak of the H band, near 760
passed through a polarizer to the sample. The ITO supports anm, for the purposes of presentation and compa#é@ince
sinusoidally oscillating voltage of frequeney. This voltage  the perturbation to the H band in M214LH RCs is significant,
can be as large as2.5 kV, resulting in a field across the sample  the absorption and Stark spectra of M214LH RCs were scaled
as large as 1.0 MV/cm. The light passes through the sampleto an optical density of 0.105 at the peak of its P band to match
and is focused onto a silicon photodiode. The detector signal isthe peak amplitude of the P band of WT.
wired to two different channels of a lock-in amplifier (SR830, To determine the value dfcr, Stark spectra were acquired
Stanford Research Systems) to isolate both the DC componentoy two values ofy, the angle between the polarization vector
of the signal and the component that oscillates with the of the Jight beam and the applied field. The anglesas set to
frequencynw, wheren = 2, 4, or 6. _ 90° by making the reflection of the beam off the sample collinear

It is important to note that the time constant applied to the \yith the incoming beam. The second value;afas determined
nw component of the signal is much longer than the time from the increase in path length when the sample was rotated
constant applied to the DC component. Thus, whenever the ayay from 90. Since the noise of our spectrometer was
wavelength of the light beam is continuously scanned, as in getector-limited, we removed the polarizer during the acquisition
these experiments, this difference in time constants imparts aq¢ mosty = 90° spectra. These spectra were observed to be

displacement in wavelength between these signals. This dis-ynaffected by the increase in the light at the detector apart from
placement increases with increasing values of eithend¢heme the increase in signal-to-noise.

constant or the scan rate. The narrow emissions of a mercury

lamp were used to calibrate these displacements, which WereRasyits

typically about 2 nm for the time constants and scan rates

employed. By correcting for this displacement betweemihe General Features and ImprovementsFigure 3 shows the

and DC signals, the accuracy of the spectra was increased. absorption, @, 4w, and G spectra for WT and the three
The 2v and 4» signals were acquired using a 0.4 nm scan mutants (M203GD, M210YF, and M210YW) in the neutral form

rate and a 300 ms (24 dB bandwidth) time constant. The 6 (black), with Q reduced (red), and with P oxidized (blue). Only

signals were acquired with a scan rate of 0.1 nm and a time the B band region (12 06613 000 cnt?) is illustrated. As is

constant of 3 s. It was found that the slowing of the scan rate well-known, oxidation of P causes a larger perturbation than

greatly increased the reproducibility of the smallast$ignals, reduction of Q to the absorption spectrum in this regihe
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M214LH

apparent narrowing of the B band upon oxidation of P is likely

due to a reduction in the separation between two absorption

bands commonly attributed to, Band By (see below). These

labels suggest that excitations are localized on individual

chromophores despite much work toward characterizing the <

extent to which these bands might in fact be mixtures of 0

excitations delocalized across P.,BBy, H., and H,.28:27 a4} ]

Despite the uncertainty regarding the degree of this delocaliza- KRS N e N

tion,2829it has continued to prove useful to identify absorption ?5 *

features with individual chromophores, and we continue this 4

usage here. With this in mind, it is important to note that the

effects of P-oxidation and Qreduction upon the integrated T 1l

intensities of the B bands in Figure 3 should not be misinter- I° | /\ N

preted as due solely, if at all, to perturbations of this mixing; Sxo0 '-/\,\/ v \ \/

these intensities are also affected by normalization at the peak AW LY

of the H band, itself influenced by P-oxidation ang-@duction, < %5 /\ 1

and by small errors in the baseline due to our single-beam %S ol AAPA]
< [ ]

5

spectrometer. Additionally, it is possible that different prepara-
tions of RCs have resulted in different occupancies of the P, L
B, Bm, HL, and Hy binding sites. 12000 12500 13000

As described in Part 1, large, broad, and unusually shaped Energy (cm™)
4w and Gv Stark effects are observed for WT RCs selectively Figure 4. Absorption and Stark data for M214LH (solid) with the
on the higher-energy side of the B band, the side associatedabsorption spectrum of WT overlaid (dashed). The M214LH reaction
with B.. Also, as described in Part 1, oxidation of P to iR center assembles with a BChl denofeth the H_ binding site.

WT RCs is observed to reduce significantly the sizes of the 4 .

and Gv spectra for the Bband. Here we show that reduction Thus, like the Stark effects of WT*and WT @, the 4 and

of Ox to O, also significantly reduces the sizes of the and 6w spectra of the M214LH mutant are much smaller compared
A A 9 y to those of WT. Unlike the effects of the*Pand Q

Sﬁ;ggigr{g; g}ﬁ V%Wlflllg(é Sag:] : (r)]t:t a%?g?ii?fg?gﬁg es 'é:;vggg perturbations, however, the effect of the M214LH mutation on
P : the resonance Stark effect of. Bs so large that the most

the two is that the unusual higher-order Stark effects in WT P .~ .= . - .
significant signal in its &® spectrum cannot even be assigned

are found at h|gh(_ar energies than those in “.“R; Qis Sh'ﬁ to By, since its center is shifted by more than 100 éto lower

corresponds to a similar shift of the correspondingBsorption o .

bands. As was described in Parts 1 and 2, the smateartl energy than the Stark effects in either WT or W},.QIhis
' ’ signal is an order of magnitude smaller than tle fignal in

6w spggtra_ of B in YVT P* RCs can pe_ explained by a WT, yet it is still much larger than the«b Stark effects of the
des.tqblllzatlon of gHL QUe. to thg proximity to B of the nearby B andpj bands. Because this Stark effect is also much
positive charge onP Whlch ": pred|i:tegl _to af_fect aresonance ,ader than these signals, we suggest that this signal is itself
Stark effect associated with;B~ B/H__ in this way® Like- a resonance Stark effect. Although one might assign this
wise, the smaller 4 and Gv spectra in WT Q RCs can be  yesonance Stark effect toyB it may also be assigned to the
explained by a destabilization of Bi, due to the proximity to  |ess well characterized upper exciton band of P, which may
HL of the negative charge on,QThe similarities in size and  have a small absorption in this regighRegardless of this
shape between thevdand Gv spectra of WT P and WT Q assignment, the Stark spectra of M214LH RCs indicate that the
suggest that the amount of this destabilization is similar for the classical Stark effect of the Boand, which is seen from the
two perturbations and that other factors that affect the resonance2w spectra in Figure 3 to be relatively insensitive to mutation,

Stark effect of B take similar values as well.
Whereas the sizes of thewdand Gv spectra of WT RCs

change significantly due to these perturbations, the size of its

2w spectrum does not. This is because ther@sonance Stark
effect of the B band in WT RCs is either similar in size to or
smaller than its @ classical Stark effect due to the difference

makes a substantial contribution to the 4pectra of WT P
and WT @ but not to their @ spectra.

In the upper panel of Figure 4, we have overlaid the
absorption spectrum of WT (dashed) to illustrate evidence of
mixing among the localized transitions in the RC. Whereas the
small differences between the integrated intensities of the B

between the dipole moments of the ground and excited statespands of WT, WT P, and WT @ might be explained as

of this transition. The greater similarity among thesespectra
compared to the 4 and Gv spectra also suggests that the
classical Stark effect of Bis much less sensitive to these
perturbations than its resonance Stark effect. Since ¢hanél
6w resonance Stark effects in WT Rnd @, RCs are so much

artifacts as discussed above, here the difference is so large that
this cannot be the case. Most of the added intensity in the B
band of the M214LH mutant is concentrated on the high-energy
side of the band; in fact, the two absorption spectra even follow
each other closely on the low-energy side of the B band

smaller than those in unmodified WT RCs, it is possible that (including the P band). Since the unique absorption band at
the 4v and Gv spectra in these cases also have contributions roughly 12 750 cm! in M214LH RCs cannot account for the
from other Stark effects. To gauge the sizes of any other Stark additional intensity below it, around 12500 cin these

effects in this region, the absorptionp 24w, and Gv spectra
of the B band region of RCs with the M214LH mutation (solid)

observations imply that the relative intensities of thg &1d
B. bands have been modified by the substitution of BChl for

are shown in Figure 4. This mutation substitutes a BChl, denoted BPhe in the H binding site. It is implausible that this result

B, for BPhe in the K binding site?? as was described in Parts

could be due to increased occupancy of thebBding site in

1 and 2, this substitution leads to a substantial reduction in the M214LH RCs since it is unlikely that this site is incompletely

driving force for electron transfer to form,B ~ from B}.

occupied in WT RCs; the small amplitude of the long-lived
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component of fluorescence from P* is inconsistent with there precision in the determination of the applied field strength due
being no electron acceptor in the Binding site of a significant  to better characterization of the sample thickness. For example,
fraction of WT RC<2 It is also unlikely that there is decreased because thed and Gv spectra scale as approximaté&ly and
occupancy of the P andyBbinding sites in RCs containing the  F®, respectively, an overestimation of this thickness by 10%
M214LH mutation according to analyses of the pigment ratios can lead to an increase in the reported 4nd Gv Stark
for WT and M214LH RCsP The increased relative amplitude magnitudes (normalized to a field of 1 MV/cm) of 46% and
of the B band in M214LH RCs is best explained by invoking 77%, respectively, and the reduced precision employed previ-
an electronic interaction in these RCs that mixes the transitionsously could account for much of the differences between the
localized on the B and chromophores. spectra.

It is important to compare the spectra of WT, WT,Rind M203GD. Figure 3B shows the absorptionw2 4w, and
M214LH reported here with those reported in Part 1. Whereas 6w spectra for M203GD (black), M203GD ,Q(red), and
the line shapes of the spectra are similar in each case, theM203GD P~ (blue) samples. As was observed for WT, both
magnitudes of the & and Gv spectra, once corrected for the Q, and P perturbations to M203GD reduce the size of the
differences in normalization, are different by factors that range 4w and Gv Stark spectra. The Stark spectra of M203GR Q
between roughly/, and 4. These differences are likely due to and P~ RCs are more similar to each other than to those of
improvements in sample preparation, data acquisition, and dataunmodified M203GD RCs, and the Stark effects of M203GD
processing between the experiments conducted for Part 1 and®™ RCs are found at higher energies than those of either
those conducted here. Most importantly, the WT RCs studied unmodified or Q RCs. In contrast to thes} spectra of either
previously were not the SMpHis straifiSince the presence of Wt Q, or WT P*, those of M203GD Q and M203GD P are
the poly(histidine) tag significantly reduces the number of steps significantly larger than the background level established by
involved in protein purification, we believe that such RCs are M214LH (Figure 4).
purified both more homogeneously and more reproducibly than  The shapes of both thesdand Gv Stark spectra of M203GD
can be separated into P-containing and P-oxidized or P'|essalthough the sizes of the WT and M203GD;, Gpectra are
fractions (as judged by the presence or absence, respectivelysomewhat different, the differences could be accounted for by
of an absorption band attributable to*}he larger ratios of P ¢ sample-to-sample variation in magnitudes noted above. Thus
band intensity to H band intensity suggest that we have indeedjt may pe that the effect of Qreduction on the resonance Stark
achieved a_greater homogeneity of P-containing RCs than effect of M203GD is to offset the effects of the M203GD
previously. The increased intensity of the P band relative t0 mtation on the resonance Stark effect of WT almost precisely.
the H band cannot be attributed to the presence of BChl- gince, as described in Parts 2 and 3, resonance Stark line shapes
containing antenna proteins since P-oxidized samples of RCsyre sensitively determined by the reduced driving fa¥cand
have no absorption or Stark effect due to these harder-to-oxidize,re only weakly affected by the reduced couplitg and the
pigments? In this regard, it is also interesting to note that the equced difference dipole momenig, the observation that
ratio of P band to H band intensity measured in a spectroelec- gy, -reduction of M203GD vyields similar line shapes to those
trochemical experiment that reversibly oxidizes and reduces WT of \WWT suggests that Qreduction and the M203GD muta-
RCs?3is both notably larger than the ratios found in many near- ion have opposite effects on the energy GfH. Since we

infrared absorption spectra of RCs in the literature and similar have shown above that.Qeduction destabilizes EEH[ the
to that calculated from the room-temperature spectra of the WT M203GD mutation likely stabilizes LB'[- This qualitative

RCs we have_ used. here. L result is supported by quantitative analyses below and is
We have investigated the reproducibility of our current jnconsistent with the proposal that an aspartic acid at position
preparation procedure by obtaining 4nd G spectra forthree  \1203 would donate a hydrogen bond to..#8 Although
separate preparations of WT RCs. Some variation in the line qyalitatively consistent with this residue being deprotonated and
shapes and intensities of the spectra for these separate sampléggatively charged, as argued for the analogous mutation in
is observed: the largesi4spectrum is nearly 1.4 times as large  Rpodobacter capsulatuRCs based on resonance Raman
as the smalleste spectrum; the largesuspectrum is nearly  gpectra? this result could also be explained by the dipole
1.7 times as large as the smallest §pectrum. Although these  moment of the neutral residue being oriented to effect this
differences appear to be large, the 8pectra are observed to  gtapilization.
increase in tandem with thendspectra, so these variations can An important difference between the B bands of WT and
be attributed almost entirely to the roughly 10% uncertainty in pM203GD RCs is that the ®and B bands are clearly resolved
the sample thickness and hence applied fiélds discussed i the latter. With the increased resolution, it is clear that in
below. M203GD the peak amplitude of theyBband is considerably
An important improvement in data acquisition is that we have smaller than that of the Bband. Thus, in M203GD, the two
slowed the scan rate and shortened the time constant with whichbands have either very different integrated intensities, very
spectra are acquired compared to Part 1. Whereas all spectralifferent widths, or both. As was observed for WT, thé P
were previously acquired with a 0.5 nm/s scan raté arl s perturbation in M203GD causes an apparent narrowing of the
time constant, here both thex2and 4v» spectra were acquired  absorption spectrum; however, since there was a greater
with a 0.4 nm/s scan rate and a 300 ms time constant, while separation between theyBand B bands to begin with in
the Gv spectra were acquired with a 0.1 nm/s scan rate and a 3M203GD, the B band of M203GD "Pis roughly as broad as
s time constant. The longer time constants and faster scan rateshe B band of WT. However, the shapes of these bands are
employed previously may have reduced the size of some signalsconspicuously different, which would not be the case if the
by increasing the averaging of neighboring points in the spectra. relative amplitudes of the \g and B bands in M203GD P
We have verified that this artifact is not present for the scan were the same as those in WT. Thus we conclude that the
rates and time constants employed in this study. Another relative amplitudes of the \dand B bands are altered either
important improvement in data acquisition is an increased by the M203GD mutation, by the oxidation of P, or by both.
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M210 Mutants. Figure 3C shows the absorptionp 24w,
and Gv spectra for M210YF (black), M210YF Q(red), and
M210YF P" (blue) samples. Figure 3D shows the absorption, < o1}
2w, 4w, and G spectra for M210YW (black), M210YW Q
(red), and M210YW P (blue) samples. In contrast to the
M203GD mutation, both the M210YF and M210YW mutations &
cause the B band absorption to narrow compared to that of WT.$
Nevertheless, an additional narrowing, as well as a shift to higher:r3
energy, is again evident upon oxidation of P. As was observed
for M203GD, the resonance Stark effects ih RCs are found
at higher energies than those in either unmodified QIRTs; N
also, for both M210YF and M210YW, the line shapes of the 3
Stark spectra in Qand P RCs are more similar to each other
and to those of WT than to those in the unmodified mutant __
RCs. Therefore, like the M203GD mutation, the M210YF and & =)
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M210YW mutations must stabilize Bi, . Unlike the 40 and 3§ I \I | V ]

6w spectra of WT, M203GD, and M210YW RCs, the 4nd 2t w4 ¥ 4 ¥

6w Stark spectra of M210YF are not observed to decrease 12000 12500 13000 12500 13000 12500 13000
significantly in size upon @reduction. This difference can be Energy (cm™)

attributed largely to the uncertainty in the sample thickness as Figure 5. Absorption and Stark fits for M203GD (left), M203GD,Q
described above. (middle), and M203GD P (right). In the absorption panels, the data

It is important to note that the shapes of the @nd Gv spectra (solid) are plotted with the best fit of the Brand (dashed), the\B
reported for M210YF here are noticeably different than those band (dotted), and their sum (circles). The red spectra in the M203GD
reported in Part 1, yet the shapes reported for M210Y R Stark panels are the best s_imultaneous fit to sahd Go spectra
similar. One of the explanations that we have suggested for thewhené, Wk, andfAur are varied; red spectra for the other variants are

. . ; . determined by optimizing the value éfgiven the values oWk and
differences in the sizes of thewdand Gv spectra for WT is fAur determined for M203GD. The blue spectra in the M203GD Q

applicable here as well. If the previous preparations had a stark panels are the best simultaneous fit to its ahd Gy spectra
mixture of P-containing and P-oxidized RCs, then the previously whens, Wk, andfAur varied; blue spectra for the other variants are
reported Stark spectra for the unmodified RCs should appeardetermined by optimizing the value ofgiven the values 0¥k and

to be a superposition of the unmodified and P-oxidized spectra fAur determined for M203GD Q See Table 1 for best fit values
reported here. Indeed, at 77 K the ratio of the peak amplitude whend, Wk, andfAur are simultaneously optimized for each variant.
of P to that of H is 1.08 for the M210YF RCs used here,
compared to a value of less than one for the M210YF RCs used
previously® moreover, it is straightforward to arrive at a shape
like that reported previously for M210YF from a superposition
of line shapes of the M210YF and M210YF Bpectra reported
here. Since the WT PStark spectra are so much smaller than
those of unmodified WT, a superposition of these Stark spectra
should not alter the shape of the WT spectra to as large a degree
this is consistent with the observation that the shapes of the
Stark spectra of WT reported here are similar to those reported
previously.

spectrum of the M182HL mutaA#:%6 This mutation substitutes
BPhe for BChl in the B-binding site, resulting in a significant
loss of absorption on the low-energy side of the B band and a
significant increase in absorption on the high-energy side of
the B band®’ The absence of absorption by,Bn M182HL
reveals that the low-energy side of its B band, including the
peak near 12 500 cm, is well described by a single, largely
Lorentzian Voigt profile!® This result indicates that the absorp-
tion due to P in this region changes slowly with energy. Because
the absorption due to P on the low-energy edge of the B band
appears to be roughly 10% of the absorption at the peak of the
B band, this result indicates that the absorption of P in the
M182HL mutant cannot be much larger than this value in the
The resonance Stark line shapes for the nd in the region from 12 000 cm' to above 12 500 crt. Although it is
M203GD and M210YW mutations, like the M210YF mutation, conceivable that the absorption spectrum of P is significantly
are consistent with stabilization of,Bl_. To quantify these  altered by the M182HL mutation, difference spectra calculated
perturbations to the driving force for excited-state electron from the low-temperature absorption spectra of M182HL and
transfer, the resonance Stark spectra are fit to the modelWT indicate that there is no significant change in the B band
developed in Part 2 and refined in Part 3. As discussed in Partregion that cannot be explained simply by the disappearance of
3, these perturbations can be determined more accurately bythe By band and the appearance of the new b¥ndhis
increasing the accuracy of the model for the absorption difference spectrum, which helps to resolve the intrinsic line
spectrum. Since the M203GD absorption spectrum has the besshape of the B band, is itself well characterized by a sum of
resolution of the B and B bands, we focus first on fitting the  two Voigt profiles, indicating that the ¥ band is quite
absorption and Stark spectra of this mutant. symmetric in WT. The B band also appears to be quite
By fitting RC absorption spectra to a sum of two Voigt symmetric, as judged by the similarities between the shapes of
profiles, representing®and B , we make the assumptions that the low-energy side of the B band in M182HL and the high-
the contributions from the lower and upper exciton bands of P energy side of the B band in W56 The fit to the B band
are both negligible in this region and that thg Bnd B bands absorption of M203GD is illustrated in the upper left panel of
are symmetric. Although these assumptions are likely to Figure 5. It is apparent that this fit (circles) to the data (solid
introduce some error into the fit values of the resonance Starkline) from a sum of the Band By bands (dashed and dotted
parameters determined below, we argue that these errors ardines with peak positions at 12 525 and 12 310 énrespec-
small. To characterize the background absorption by P in the B tively) can account for nearly all of the absorption in the region
band region, we refer to the low-temperature absorption between 12 000 and 13 000 cin As discussed in Part 3, the

Analysis
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Lorentzian and Gaussian contributions to thg &d B line —0.34, 1.3 cm?, and 1.06 cm/MV, respectively. Stark spectra
shapes arise from homogeneous and inhomogeneous broadeningalculated using these values (red) are plotted with the observed
mechanisms, respectively, and enter the calculation of resonancéM203GD Stark spectra (black) in the left panels of Figure 5.
Stark effects differently. As highlighted by the fits to the The simultaneous fit to thestand Gv spectra is quite good,
individual bands usind@’o = 90 cnT! andI'gays= 50 cnT?! for with close agreement between the calculation and the data over
Bi, andlp = 35 cnm* andl'caus= 150 cnT for By, the higher  most of the plotted region. The value kf; for Bf — B, H,
energy band in M203GD is both broader at its base and narrowerfrom this fit is 2.0 ps and will be discussed in more detail below.
at its peak than the lower energy band. For the case of WT Q AssumingAct = 1000 cn1?, the values ofdcr, 7o — ¥ct, and
RCs at 85 K, the lifetimes of Band B, 7, are 160 fs, as Vo from this fit are equal to 13.1 A+-340 cn1?t, and 36 cm?,
measured both by the rise in fluorescence from P* following respectively, wheralcr is the effective distance of charge
excitation of either B or By or from the fluorescence from transfer. Since the value éfis thought to range between 1.0
B*;10.12assuming that the lifetimes of/Band B, in M203GD and 1.323% the 13.1 A value forfdcr lies well within its
RCs do not deviate substantially from this value (lifetimes of expected range of values based on these estimatésriorthe
B* have not been measured by fluorescence from M203GD 11 A distance between the centers ofdhd H in WT RCs®
samples), we estimate the contribution of lifetime broadening This result justifies using 1000 cthfor Acr.%% The fit values
to the value ofl'p in M203GD RCs as (2cr)~! = 35 cntd, of o — Vet andVp will be discussed in greater detail below.
wherec is the speed of light. Since this value is the same as  Having established a procedure for fitting resonance Stark
that we have used to fit the absorption qfi Bt suggests that  spectra, we need only adapt it slightly for the other samples in
the lifetime of B, is the principal component to its homoge- this study. Since the resolution of the/Bnd B bands is worse
neous line width; on the other hand, the greater homogeneousfor these other samples, with the exception of M203GD iQ
line width of the B band suggests that it has a more significant each case we simplify the fitting of the B band absorption by
contribution from dephasing. Analyses of time-resolved non- using the same values &f andT'causas those determined for
linear optical measurements by Fleming and co-workers supportthe By and B bands of M203GD. Although we might also use
this interpretatior$* The greater narrowness at the peak of the the same ratio of the integrated intensities of these bands,
BL band suggests less inhomogeneity in the structure of the B allowing only their total intensities and peak positions to change
binding site compared to that ofB This is consistent with the  between samples, as described above it is clear that this ratio
considerably smaller temperature factors that have been deterhas changed significantly from WT to M203GD PSince we
mined for B by X-ray diffraction® find the ratio of 2.5:1 to provide a satisfactory fit to the B band
The ratio of the integrated intensities of the &d B, bands region for both M203GD and WT, we conclude that P-oxidation
in this fit is 2.5:1. This ratio is not close to 1:1, suggesting the is the principal source of variation in this ratio from WT to
presence of electronic interactions such as the one discussed1203GD P". We have found 1.3:1 to provide the best fit to
above between the chromophores in theaBd H_binding sites the B band region for M203GD"Pand have used this ratio for
in M214LH RCs. The different intensities of theyBand B fitting the absorption spectra of all the"Bamples. Because
bands can be explained either by substantial differences in thethis ratio is both quite different from the ratio of 2.5:1 observed
excitonic interactions on the M and L branches of the RC or for P-containing RCs and much closer to the ratio of 1:1
by substantial mixing of the 8 and B transitions with each expected in the absence of all excitonic interactions, these fits
other, for example, mediated by their excitonic interactions with suggest a substantial excitonic interaction between P and either
P (see below}’?° This deviation is too large to be explained Bwm or B.. Since it is found that P-oxidation increases and
by the small absorption by P in this region or the small vibronic decreases, respectively, the heights @f &d B relative to
broadening of the B and B bands characterized above. the H band (see Table 1) to a larger extent than can be explained
Given a description of the B band of M203GD and the by changesinthe H band or by error, we suggest that P mediates
experimental values df andy used for this sample, five other ~ a substantial mixing of the\Band B transitions in P-containing
parameters remain for characterizing the resonance Stark effectRCs?"?°Using the two ratios as described, we determined the
of BL: Act, 0, WR, fAugr, andZcr. The value ofcr can be fit values ofd, W, andfAur for WT and for unmodified, Q,
determined independently of the other four from the ratios of and P preparations of M203GD, M210YF, and M210YW using
either the 4 or 6w spectra acquired at= 90° andy = 90°. Act= 1000 cm™. These fit values, as well as the corresponding
For most of the 12 samples in this study, the exceptions being values ofke, 7o — 7cr, Vo, andfdcr, are tabulated in Table 1.
WT Q, and WT F, the two values ofcr thus determined In each case, the fit value &dcr justifies the use of 1000 cm
were generally within a few degrees of each other arfd €& as a good approximation to the true valueAefr. WT Q, and
we set the value ofct to 45° for fitting the Stark spectra of ~ WT P* could not be fit satisfactorily, even when the overlapping
M203GD? It is interesting to note that this value is close to classical 4 Stark effects were taken into account.
the value of 54 that is calculated from the structure of WT These values are uncertain to an extent that depends on the
RCs assuming that the{B— B, transition lies along the line  uncertainties in the description of the Bbsorption band, the
containing nitrogen atoms 1 and 3 of Bnd that the charge  uncertainty in the measured valuegsfr, the uncertainty in the

transfer takes place between the centers ofaBd H ;3 the value ofAcr, as well as the observed sample-to-sample variation

45° value is also very different from the value dffound for in the spectra, the functional form pfc(7), and the quality of

the classical Stark effect of isolated BChlin an organic the fit, as judged by the sum of the residuals between the data

matrix 3! and the best fit. Tables 2 and 3 summarize the results of
To determine the values oAcr, §, Wk, and fAur for propagating sample uncertainties into the fit value® 00\,

M203GD, we assume a preliminary value of 1000 ¢érfor and fAur for M203GD and M203GD @), respectively.
Act and minimize the sum of the squared residuals from Whereas the results in Table 2 are representative of M203GD,
simultaneous comparisons of the calculated line shapes andv210YF, and M210YW, each with values 6fcloser to zero,
amplitudes to observeds4and Gv spectra® In this case, the  the results in Table 3 are representative of the other samples,
fit values of theAcr-reduced variable®, Wk, andfAugr are each with values of closer to—1.0. In addition to these
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TABLE 1: Summary of Values Used to Fit Absorption and Stark Data in the B Band Region of Wild-type and Mutant Rb.
sphaeroideReaction Centerg

absorption fit parameters other parameters resonance Stark
determined prior to reduced resonance parameters assuming
BL Bwm Stark fit Stark parameters and:k Act= 1000 cnr?

Vo peak Vo peak F CCT WR fA//tR ket Vo — Ve Vo dCT

sample (cm™) height (cm™) height (MV/cm) (deg) 0 (em™) (em/MV) (s (em?d) (em (A
1 WT 12470 0.212 12320 0.106 0.71 45 —0.84 35 0.77 0.22 -840 59 9.5
2 M203GD 12530 0.220 12310 0.110 0.67 45 -0.34 1.3 1.06 0.50 —340 36 13.1
3 M203GDQ, 12530 0.220 12310 0.110 0.64 45 —0.88 2.7 0.88 0.13 —880 52 10.9
4 M203GD 12595 0.154 12435 0.147 0.64 45 —0.80 14 1.04 0.11 —800 37 12.9
5 M210YF 12445 0.220 12340 0.110 0.70 45 -0.25 1.2 0.95 0.53 —250 35 11.8
6 M210YFQ, 12430 0.240 12350 0.120 0.67 45 -0.80 2.0 0.91 0.15 —800 45 11.3
7 M210YF 12470 0.124 12450 0.118 0.63 45 -0.76 3.3 0.83 0.30 —760 57 10.3
8 M210YW 12435 0.220 12340 0.110 0.67 45 —0.14 0.82 1.04 0.42 —140 29 12.9
9 M210YWQ, 12410 0.198 12350 0.099 0.68 45 -0.86 1.6 0.93 0.09 -860 40 115
10 M210YWP 12470 0.132 12460 0.126 0.79 45 -0.76 2.4 0.86 0.22 -760 49 10.7

a All fits to resonance stark effects of the Bands were determined usilig = 90 cnT! andTgays= 50 cn™.

TABLE 2: Sensitivity Analysis for M203GD? TABLE 3: Sensitivity Analysis for M203GD Q2
changeinfitvalues o, of change in fitvalues ¢, of
. . W fAur  squared W fAur  squared
alteration to fit o (cm™) (cm/MV) residuals alteration to fit S (cmY) (cm/MV) residuals

o+ 20cntt +0.08 +0.1 —0.02 43 7 + 20 cnrt 10.02 +5.8 —0.23 9.9
o—20cnt? -0.07 —-0.1 +0.02 29 7 — 20 cnrt ~0.07 -06 4008 4.9
peak heightt 20% —01  —0.02 25 peak height+ 20% - -0.3  —0.02 5.5
peak height- 20% +0.2  +0.03 27 peak height- 20% -0.02 +11 -0.02 4.2
20 + 20% of (X0 + L'caug -0.1  +0.03 63 200 + 20% of (Xo + Teau) +1.1  —0.06 13

2l — 20% of (o + I'caud +0.1  —0.04 13 26 — 20% of (X'o + Tcaud -0.8 +0.04 6.4
FCgaus+ 20% of (Ao + T'saud -01  +0.03 67 Toaust 20% of (X + Tead —0.02 +2.0 —0.09 15
Tgaus— 20% of (X0 + Tcaud - —0.02 17 [caus— 20% of (Ao + oaud -0.6 +0.04 4.4
et +10° —-01  —0.03 22 Cor + 10° -01  —0.03 5.1
er— 10° +0.1  +0.04 33 Cer— 10° +0.2  +0.03 4.6
Act + 50% +0.01 -0.2 +0.03 50 Act + 50% 4001 -0.2 7.6
Act — 50% +0.01 +04 —0.04 34 Act — 50% —0.04 +3.7 —-0.16 28

4o x 1.4, 60 x 1.7 +0.11 26 4o x 1.4, 60 x 1.7 -0.02 +0.4 +0.07 5.0
doll4, /1.7 —0.10 26 4wl1.4, 6v/1.7 +02  —0.10 5.3
G(v) instead ofP(v) +0.02 +0.03 35 G(¥) instead ofP(p) -0.02 403  +0.03 6.3

2\When 250 evenly spaced points withi#500 cnm* of 7, were used, aWhen 250 evenly spaced points withi500 cnt? of 7, were used,

the fit to this mutant yielded = —0.34,Wgz = 1.3 cn1?, fAug = 1.06 the fit to this mutant yielded = —0.88,Wg = 2.7 cnm?, fAugr = 0.88
cm/MV, and a sum of squared residuals equal to 26. The changes tocm/My, and a sum of squared residuals equal to 4.8. The changes to
this sum and the fit values of Wk, andfAur are tabulated as a function  the fit values ofd, Wk and fAur are tabulated as a function of the

of the alterations to either the fit procedure or the data described in the gjterations to either the fit procedure or the data described in the left-
left-hand column® Since 167 points were used for this calculation, hand column® Since 167 points were used for this calculation, the
the resulting sum of squared residuals has been multiplied by 1.5 for resyiting sum of squared residuals has been multiplied by 1.5 for better
better comparisorf.Since 500 points were used for this calculation, comparison® Since 500 points were used for this calculation, the
the resulting sum of squared residuals has been divided by 2 for betterresyiting sum of squared residuals has been divided by 2 for better
comparisons Because the residuals increase linearly with the size of comparisond Because the residuals increase linearly with the size of
the spectrum, we have divided the sum of the squared residuals in thisthe spectrum, we have divided the sum of the squared residuals in this
case by the average of (124)nd (1.7] for better comparisort.Because  case by the average of (124nd (1.73 for better comparisorf. Because

the residuals decrease linearly with the size of the spectrum, we havethe residuals decrease linearly with the size of the spectrum, we have
multiplied the sum of the squared residuals in this case by the averagemyitiplied the sum of the squared residuals in this case by the average
of (1.47 and (1.7j for better comparison. of (1.4f and (1.73 for better comparison.

uncertainties, the_values in Table 1 may contain errors_from nearly 0.1, they also demonstrate that the quality of the fit is
imposing an idealized model upon a real system. Of particular

relevance here is the assumption of the resonance Stark theorygenerally S0 sensitive to the value @f that one can use the
AR P . . . . Stark spectra to improve an initial estimatevgin cases where
made explicit in Part 3, that there is zero vibronic coupling

. L X there is poor resolution between thg Bnd B bands. In three
between the ground and excited states oflBdeed this vibronic -
coupling is small, as indicated by the apparently small GaussianOUt of ten cases (M210YF'P M210YW Q,, and M210YW

broadening of the largely symmetric. Bband and by the 'I[::),vge fo‘i_”d that otur atteimptéo |d?_?t|;y t_he_;/_aluetfral;from h
relatively small intensities of absorption in and immediately € absorplion spectrum ajone benehited significantly from suc

above the region dominated by BPhe absorption. These observa? © rrection. In these cases, we have reported the improved value

tions indicate that this vibronic coupling is small for specifically of % and the corresponding fit values.

low- and high-frequency modes, respectively. Considering also

the small Stokes’ shift measured for fluorescence froniB

the total vibronic coupling of the electronic transition t¢ B Perturbations to ¥cr. The fit values ofé in Table 1 give

must be small such that errors introduced from using this 0.50, 0.59, and 0.70 as the reduced stabilization pHB

idealized model to fit its HOS spectra should also be small. conferred by the M203GD, M210YF, and M210YW mutations,
Although Tables 2 and 3 demonstrate that a 20tamange respectively. The reduced destabilization oﬂ’lﬁ by Qa-

in the value ofvy can yield a change in the fit value of of reduction is 0.54, 0.55, and 0.72 in the three mutants, respec-

Discussion
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tively. The reduced destabilization of B by P-oxidation is Perturbations to Vo and dcr. Table 1 contains several
0.46, 0.51, and 0.62 in the three mutants, respectively. Basedinteresting trends in addition to the energies of interaction
on the information in Tables 2 and 3, the uncertainties in these between charge-transfer states and modifications to the protein,
pairwise differences are estimated as 0.10. in particular, substantial differences in values for the reduced
Assuming that the value acr is the same for all prepara- ~ coupling, Ws. For example, the fit value of\ is 0.82 cnr*
tions4L it is noteworthy that the destabilization due to-Q  for M210YW but 3.5 cni* for WT and 1.3 cm* for M203GD
reduction is consistently greater than that due to P-oxidation, but 2.7 cn1t for M203GD Q,. These differences may be due
despite the fact that P is closer tg Bian Q is to H_.3° The to differences in the values &f, among the variants studied.
difference between the values of the two destabilization energiesAlthough the electronic couplings for charge-transfer reactions
is even increased slightly when one takes into account the largerare expected to be exquisitely sensitive to even small structural
values ofvg for P-oxidized RCs compared toseduced RCs. perturbations, as might occur in the RC when mutations are
This implies that the dielectric screening of the charge gn Q Made, P is oxidized, Qis reduced, or the temperature is
is less than the screening of the charge 63 his qualitative ~ changed, their values are usually assumed to be unaffected by

conclusion implies that P occupies a more polar part of the these kinds of perturbations to simplify the interpretation of
protein than the deeply buried.Q kinetic data. Because the application of an electric field to a

frozen sample should not perturb the structure of a charge-
P* or Q, and the probe BHL_ can be calculated using transfer system, resonance Stark effects are preferable to these

crystallographic coordinates and a value fiagr. The 14 A other m?thF’f]'S for determining .a value )

distance between the centers of @hd H and the 24 A distance The significance of the variation Wg documented in Table
between the centers ofx@nd B yield an expected destabiliza- 1 iS supported both by the sensitivity analyses in Tables 2 and
tion of ByH_ by Qa equal to 3900 cme, wheree is the 3 and by the failure of the 10 extracted valuesVidt to be

effective dielectric screening. Given the 11 A distance between distributed in a random manner (i.e., the density of these values

the centers of P and,Band the 18 A distance between the IS NoOt largest about its mean). The comparison between
centers of P and H the expected destabilization of B, due M203GD and M203GD Q is the most straightforward to

The effective dielectric screening in the regions around either

to P-oxidation is 5700 cri/e: this value reduces to 5200 cif make specifically because these samples have nearly identical
¢ when the asymmetric distribution of the hole on the two halves @PSorption spectra, these absorption spectra have been well-
of P is taken into accourt® When the value of 1000 cm is characterized, and we have reported the sensitivity analyses

used forAcr for each preparation, as justified above, the average &XPlicitly for these samples. Whereas the sensitivity analysis
destabilization of BH, due to Q-reduction in the three for M293GD (Table 2_)_ s_uggests Fhat its valueWs, is well-
mutants is 600 crt, yielding an estimate for the dielectric detérmined, the sensitivity analysis for M203GL} (Table 3)
screening in the region of the protein aroung @nd BfH_ reveals that uncertainties in some parameters significantly affect
L . . . . .
equal to 6.5; the average destabilization due to P-oxidation isthe fit value Of\{VR' Nevertheles_s, the uncertalr_mes |n_the fit
thus 530 cm?, yielding an estimate for the dielectric screening Value of 2.7 cm™ for M203GD Q, are asymmetric, tending to
in the region of the protein aroundfnd q—H— equal to 9.8. make this value larger and thus tending to increase its difference
These values, although larger than is ofterL1 assumed for thefrorn thg ﬁf‘ value of 1.3 cm" for MZO?’G,D' The only significant
interior of a protein when the details of its nuclear configura- Uncertainties thatact to decrease the fit valugfefor M203GD
tional reorganization are unknovifiare consistent with other QA_ arnse from decreasing the peak_V\{lth of thg Band and
estimates that have been made for reaction center proteins. IreNifting it to lower energy. Although it is indeed likely that we
particular, we note the similarities between these values andN@ve overestimated the width of the Band somewhat by

those estimated using the absorption andStark spectra of atjtempting to account fpr all the i_ntgnsity in the B band region
WT, WT P*, and WT @ at 1.5 K5 with only two symmetric bands, it is also likely that we have

. - . overestimated the peak intensity of this band for the same reason.
Using the valueAct = 1000 cm’, we determined t+he The uncertainties in the peak intensity and width are thus
M203GD, M210YF, and M210YW mutations to stabilizg B ;o rejated: since the corresponding uncertainties in the fit value
Hy by 500, 590, and 700 cm, Jrres_pect!vgly. If the charge  of wg, act in opposing directions, the overall effect of overes-
distribution of the hole on Bin B{'H, is similar to that of the  timating the peak width is smaller than suggested by Table 3.
unpaired electron on Bin P*B, then these same values can Although the fit quality of the Stark spectra, as judged by the
be used to quantify the destabilization ofB?, which has sum of the squared residuals, is not much affected by the small
been invoked as a contribution to a slowing of the primary reduction in the value df, the increased overlap between the
charge-separation process P*P*B, in these mutants com-  B_ and By bands that this would engender would also require
pared to WT2%2145To make this estimate, these values must reducing the peak height of thg Band. The uncertainties in
be corrected for the possibly significant effect of these mutations peak intensity and position are thus correlated as well; since
on the energy of P. These perturbations can be estimated by the corresponding uncertainties in the fit valueVi act in
the changes in the PfPoxidation potential due to these opposing directions, the overall effect of overestimating the peak
mutations with the caveat that these changes, measured at roonposition is smaller than suggested by Table 3.
temperature, may be largely determined by long time scale  The red and blue curves in Figure 5 illustrate the significance
reorganizations of the protein around the radical cation that of these differences graphically. For each of the Stark spectra,
would not occur upon formation of the short-lived B :2021 the red curves correspond to the best fit using the valu®¥:of
they are 0, 260, and 430 crhfor M203GD, M210YF, and andfAug as determined from simultaneously fitting the 4nd
M210YW, respectively. Thus we estimate the increases in the 6w spectra of M203GD and the blue curves correspond to the
energy of PB| relative to the energy of P* as 500, 850, and best fits using the values &k andfAur as determined from
1130 cm?, respectively. This ordering of the mutations by fitting the M203GD Q spectra. In the case of M203GD, the
increasing energy of B, relative to P* is the same as their  blue fit to the G spectrum is clearly inferior to the red fit.
ordering by increasing lifetime of P* near room temperafdré. Taken individually, neither of the red fits to thev4r 6w spectra
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of M203GD @, is as poor as the blue fit to thesspectrum of 8.5 T T T T
M203GD, but taken together, the discrepancies in this case are . ONG)

significant. The fact that the red fit to thew4spectrum of T 8or Q@ i
M203GD Q, is too small while the red fit to its® spectrum ,ﬁ; 75k 6) .
is too large cannot be attributed to any reasonable combination > © @

of the experimental errors that we have characterized above. £ 70f ® .
For example, modifying the estimated sample thickness to . . .
increase the quality of the fit to one spectrum must decrease 6'59 0 1 12 13 14

the quality of the fit to the other.
These differences among the fit valued/gf can be attributed der (A/f)

to differences among the values of eithgror Act. Although Figure 6. Plot of In(Ve?-c?) againstdcr using values from Table 1.

it is unlikely thatAct should take significantly different values ~ Points are fit to a line with a slope of OfAA.

for different variants of RC4! it is important to note that

differences inAct should not account for more than a small Systems? This value suggests th is so sensitive to structural

fraction of the differences ik for two other reasons: first,  Perturbation that the largest differencedigamong the variants

the fit quality reported in Tables 2 and 3 decreases substantiallyneed only ke 1 A toaccount for the range of fit values bf;

when the value ofAct is altered by 50%; second, any attempt conversely, if the largest differencedgr in Table 2 is presumed

to decrease the dispersion in the fit valuesVefby varying equal to the largest difference d. andf is assumed equal to

Acrwould only increase the range of fit valuesdaf (see Table 1.0, then the value o for Bf — BH_ is expected to span

1). WhenAct = 1000 cnt! is used for all variants, this range, more than an order of magnitude. Despite the expected

between 9.5 A/for WT and 13.1 Af for M203GD, straddles sensitivity of Vp to mutation, there are few examples in the

the 11 A distance between the centers gf dhd H that is literature where such changes have been clearly identified, much

estimated from the wild-type crystal struct@eAlthough the less quantified® Interestingly, the plot of In{y>cn) (see Figure

distance between Band H does not appear to change much 6) againstcr in Figure 6 can be fit with a straight line of slope

among crystal structures of RC variants, the crystallographic 0.4f/A in a manner analogous to eq 1. The difference between

resolution of these structures is rarely better than 2.5 A. The this slope and the value of 1.4-Acan be explained in large

apparent spread in values may also reflect the influence of part by recognizing that a change dige may be significantly

factors such as the electronic polarizabilities qf &1d H, smaller than the corresponding changedi for the same
which could make the center-to-center distance an inaccurateStructural perturbation; for example, structural perturbations that
estimator of the effective charge-transfer distanie, Interest- act to fold B in toward H_ will decreaselct to a larger extent

ingly, Stark spectra due to a different charge-transfer processthan they decreaseee But it is important to note that the
involving bacteriochlorins, those of the mid-infrared intervalence Previous estimate g8 relied on the assumption that values of
band of P in WT, have been fit with an effective charge-transfer Vo for other reactions were unaffected by the same kinds of
distance that is roughly 20% shorter than the center-to-centerperturbations that we have shown to affect the valu¥/gfor
distance for this hole transfét With these issues in mind, the the reaction investigated here. It was reasonable to have made
range from 9.5 Afto 13.1 Af does not seem unreasonable for that assumption because any perturbations to the valu¥g of
der, especially when one considers that the substitutions of for those reactions could not be characterized using kinetic
aspartic acid and tryptophan for g|ycine and tyrosine S|gn|f|_ measurements. In contrast, resonance Stark effects can charac-
cantly increase the volume of the side chains at positions M203 terize changes iV, as described here. An illustration of how
and M210, respectively. However, since it seems unlikely that the interpretation of kinetic data might change depending on
this range could be as large as it would be if the dispersion in knowledge of howv, changes is presented below.

the fit values ofV, were eliminated by allowing\ct to vary, Just as the measurements of stabilization above yielded insight
we conclude that changes in the fit values\ig¢ are due, at into the primary charge-separation process; PPB, so do

least partly, to differences in the values \&f. WhenAcr = these measurements of charge-transfer distance and electronic
1000 cn1l is used, the fit values of, extend from 29 cm! coupling. If B. and H_ are organized to optimize the contribution

for M210YW to 59 cn1? for WT. It is interesting to note that  of electronic coupling to the rate of formation of I from
these values, constrained by the crystallographically estimatedP*B_, then a likely parallel effect is the optimization of the
charge-transfer distance, are each consistent with the range otlectronic coupling between Band E{H[ since the same
values ofVo estimated for either B— B/H_ or P*B_ — P* orbitals are occupied by the transferred electron in each process.
H, from structure-based calculatioffs*® On the other hand, if the environments of Bnd H are

On the other hand, it would be unexpected if changes in the organized so as to optimize the rate ofB7 — P™H_ by
fit values ofdcr were not accompanied by changes in the fit  making it an activationless reaction} B~ B, 'H, need not also
values ofVo since the electronic coupling is expected to be pe an activationless reaction. Although the reorganization
h_|gh|y sensitive to structur_al pe_rturbanons. According to the energies for PB; — P™H; and B — B,H; are probably
simplest model for the relationship betweénand the structure  simjlar, since they involve distortions of the same molecules

of a charge-transfer system, it is expected that and the same environment to the same changes in charge, the
driving forces may be substantially different due to different
V,y© 0 exp(—fdyy 1) distributions of charge in the initial and final states of the two
reactions. Interestingly, for B— B H_ we find the largest
wherede is the edge-to-edge distance betweenaBd H and electronic coupling for WT, even though in WT this reaction is

Bis a constant that characterizes the sensitivity of the electronicfurther from being activationless than in M203GD, M210YF,
coupling todee A value of 3 equal to 1.4 A% has been estimated ~ or M210YW.

from kinetic measurements of multiple charge-transfer processes Second, the observation that mutations have greatly perturbed
in RCs, but quite different values have been obtained in other not only the driving force for B — B/H_ but also its
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12.5 — T T T T conditions for these two fundamentally similar experiments
g@a would yield RC populations with similar efficiencies of energy
®  115| @) i transfer at the same time that they undergo different charge-
N (440 transfer reactions. The differences between the data of the two
> 6@ groups are perhaps better explained by the interpretation
2 Mor (.‘,9 i Woodbury and co-workers have put forth for the data from a
third, also similar experiment: they propose that much of the
10.5L L 1 1 1

excitation wavelength-dependent kinetics is not due to any kind

71000 750 500 250 0 of direct charge transfer from;Bout rather is due to hetero-

Vo= Ver (m™) geneity in the reaction center population.
Figure 7. Plot of log(ers) against, — vcr using values from Table This third conclusion is also the most consistent with the
1. Paints are fit to a parabola. results of the present study. Martin and co-workers conclude

that B* — B,'H, occurs with a rate equal té, of (160 fs)%;
this rate is too fast to be consistent with the values of electronic
coupling that we have determined (see below). Although the
slower rate that van Grondelle and co-workers have proposed
for this reaction is more consistent, their claim thaBp is

electronic coupling suggests that mutations that perturb the
driving force for either P*— P*B_ or P"'B_ — P'H_ also

perturb the electronic couplings for these reactions. Since plots
of rate versus driving force are generally analyzed under the

assumption that the electronic coupling is the same for all ormed directly from B would appear to be inconsistent with
conditions, the observations here suggest that the values o Y uld appe: .
our results. Since Qreduction is unlikely to have a substantial

electronic coupling that have been extracted from these analyses . h B the ultrafast hol for f
may be inaccurat®®. This insight could contribute to the efiect on the energy o 18, , the ultraiast hole transfer from

discrepancy between the slope of @A in Figure 6 and the  BL to P that van Grondelle and co-workers have reported for
1.4 A1 value of 8 estimated previously. unmodified WT RCs ought to exhibit a large signal at i&
Perturbations to ke. The results in Table 1 include the the Stark spectrum of WT QRCs. Since this signal is not
different rate constants for'B— B H, calculated using eq 38  observed, we find that it is unlikely that'B, could form by
from Part 3 and the fit values M/R ando for each variant. In an ultrafast incoherent process in unmodified WT RCs. Although
Figure 7, these values are plotted agaist vcr. This plot of one mlghtlreserve judgment on the accuracy of our quantitative
rate versus driving force resembles plots generated from kinetic esults until we have been able to make some direct comparisons
measurements and redox potentia|s of other Charge_transferbetween rates measured in the time domain and rates calculated
reactions in RC8%62°65 To provide an example of how the from fitting resonance Stark spectrathe physical principles
reorganization energies and electronic couplings determinedunderlying the resonance Stark effect are the same as those used
from such plots can be mistaken, the points in Figure 7 are fit generally to understand both the kinetic and spectroscopic
to a parabola under the assumption that a single valugof —Manifestations of all radiationless transitions, including charge-
applies to all points (see eq 2 below). This fit misidentifies the Fransfer reactions. In this context, one expects an ultrafast,
value of the reorganization energy by 350 drsince it peaks incoherent charge transfer over a distance of roughly 10 A to

at 350 cnt below the energy where the driving force is truly Dbe accompanied by a sizable resonance Stark effect, which
equal to the reorganization energy  7cr = 0 cnr'l). The reflects the perturbation by the electric field to the excited-state

fit also yields a value of 20 cr# for Vo, which is onlyYs its lifetime of the transition. That no such Stark effect is observed
value for WT since the fit value is most strongly influenced by in WT Q, RCs is most consistent with the interpretation of
the electronic couplings of the variants that are closest to the transient absorption data by Woodbury and co-workers.
peak of the fit. Of the mutants in this study, only M210YW has received
Although much work has been done in the time domain to similar scrutiny by transient absorption spectroscopy. van
characterize the excited-state dynamics in RCs following Grondelle and co-workers have concluded that 43% pf B
excitation of B,#19"*® there has been no unambiguous measure- yndergoes direct charge transfer to forrB2 and B H, with
ment of the rate of B— B/H_ in either WT or mutant RCS. 4 2:1 ratio of quantum yielé Their identification of PB, as
Whereas the 160 fs lifetime of{Bat 77 K has been measured 4 direct product of B excitation is inconsistent with the results
with high precision in WT Q using the fluorescence upcon-  of this study for the same reasons as described above.
version gating techniqué, attempts to determine by other Fluorescence excitation spectra have also been used to
methods the quantum yields of the products pfdgcay have  characterize the quantum yield of energy transfer frgnceP.
caused much confusion. For example, Woodbury and co-\yhen the fluorescence excitation spectrum of R26 RCs by Lutz
workers}® Martin and co-workers? and van Grondelle and co-  41q co-workef2 is compared with that by Michel-Beyerle and
workerg® have each measured ultrafast trans_lgnt absorption co-workers3 the differences among the relative heights of the
spectra of WT RCs (@ Q-depleted, and unmodified samples, g hands in these spectra reflect the difficulty of this experiment.
respectively). Each has noted excitation wavelength-dependentpespite the differences in the experimental results, both groups
kinetics across the Qregion, which are inconsistent with the  conclude that the fluorescence excitation spectra resemble the
simple reaction schemeB— P* — P*H_, and each has  absorption spectra of R26 RCs, implying that some differences
considered the possibility of direct charge transfer fromilB  between absorption spectra and fluorescence excitation spectra
interpreting their results; however, each has arrived at a differentdo not provide conclusive evidence that the quantum yield of
conclusion. Whereas van Grondelle and co-workers concludeenergy transfer from Bto P is significantly less than 1. The
that 60% of B transfers its energy to P and the remaining 40% larger differences between the fluorescence excitation spectra
forms P'B_, Martin and co-workers conclude that 50% df B of M210YW RCs by Hoff and co-worket$ and by van
transfers its energy to P and the remaining 50% forfisiB Grondelle and co-worke¥sagain reflect the difficulty of this
It is difficult to imagine that the differences in sample prepara- experiment. However, whereas Hoff and co-workers conclude
tion or pump and probe pulse widths or other experimental that B' transfers its energy efficiently to P, van Grondelle and



13534 J. Phys. Chem. B, Vol. 108, No. 35, 2004 Treynor et al.

co-workers conclude that the quantum yield f§rB8 P is only cile the rates determined here by analyses of resonance Stark
about 60%. The same group has used fluorescence excitatioreffects with those assigned to these processes by various fits of
spectra to conclude that the quantum yield fdr B P in transient absorption changes.

M210YF is also about 60%, increasing to about 75% i Q Because the theory of resonance Stark effects has been
samples of both mutangs. developed for a resonant tunneling process, one does not expect

This increase in the quantum yield of}B— P upon the equations a.nd spectra developed in Parts 2 and 3 to
Qa-reduction is consistent with our measurements of the accurately describe the Stark spectra of a complex for which
decreased rate of’B— Bfo upon Qi-reduction; however, its charge-transfer state is out of resonance Wlth its excited state
the values of the quantum yields that van Grondelle et al. have fOr @ large portion of a sample. This expectation can bf used to
reported appear inconsistent with the lifetimes reported in Table Provide a rough estimate of the valueifeanfor Bf — B, H,

1. Using the 160 fs lifetime that has been determined foir ~ from the Stark spectra of WT Qand WT F, the two variants
WT Qi RCs by the fluorescence upconversion gating tech- for which Stark spectra could not be fit well with the theory of
nique and the roughly (2.0 ps)rates of electron transfer that  'ésonance Stark effects. For example, a value of 150%cm
we have determined for unmodified M210YF and M210Yw Mmakes BH, lower in energy than Bby 360 cmi* for WT.
samples from the analysis of resonance Stark spectra, we would>ince we have determined,Q@eduction and P-oxidation to
predict smaller quantum yields of /Bl in these samples destabilize the formation of B4, by 600 and 530 cnt,
(roughly 10%). However, these results may be more consistent'espectively, the value of 360 crhfor Av in WT implies that
than this comparison suggests if strong interactions with the the Stark spectra of Bfor WT Q, and WT P should not
thermal bath following the excitation of Bvere to boost the behave according to the theory of resonance Stark effects that
reaction rate compared to what we have determined from fitting We have developed. As the estimate 1@fean decreases, the
resonance Stark effects, which is a rate of tunneling from the energy of E{H[ decreases with respect to the energy pf &

ground vibrational state of B the discrepancy between experiment and theory for WII' Q
In the limit where the dominant mechanism of charge transfer and WT P~ becomes more difficult to explain; conversely, as
is thermal activation, this rate is given by the estimate o¥meanincreases, the energy offB[ increases

with respect to B such that the close agreement between

experiment and theory for the Stark spectra of WT and other
(2) variants becomes more difficult to explain. Lending additional
support to this rough estimate of 150 cth¥for Vmeanis the
corresponding value for the reorganization energy, 1200'cm
this value is similar to that which has been estimated for the
charge transfer between the two bacteriochlorins that make up
the oxidized special paff.58

AV [ [—(ar+ )
k1) = AkBTeXp[ A7k T

whereh is Planck’s constant arkg is Boltzmann's constarit.
This limit is not likely to be applicable for B— B H, at 77
K, but it provides a simple estimate of a possible rate
enhancement from thermal energy. To calculate this rate from
the fit to a resonance Stark effect, one needs to determine theConclusions
reorganization energy, and driving force Av. Given the 1000 . S
cmL estimate forAcr and the fit values ob for these variants, Tthrs investigation into the factors that control the rate pf B
these energies can be calculated using eqs 42 and 43 in Part 3 BLH. has yielded quantitative estimates for the perturba-
the only other quantity that is needed #sean the mean tions to the charge-transfer dlstanqdcT, and elt_aqtronlc
vibrational frequency of the modes that are coupled to this COUPIing,Vo, that accompany perturbations to the driving force
charge-transfer reaction. for this reaction. Using the crystallographic estimate of 11 A
Previous estimates 0fneanfor charge-transfer processes in betyveen the centers OfLEand.H In WT RCs as a prehmmayy
RCs range widely. For example, Reimers and Hush have estimate for_dCT, we have estimated the vall_Je of the fuII_W|dth
estimated the value afneanfor the hole transfer between the at half-maximum of the Frlanc4<(:_ondon weighted d?”s'ty of
two halves of P as 1200 cmZ;>8 Treynor et al. find that 650 states Acr, to be 1000 cm. Having argued thalcr is least
cmt gives a better fit to the Stark spectrum of the intervalence likely among these_ other parameters to tak_e different values in
band of P14 Bixon and Jortner have suggested a value of 100 the different reaction center variants studied, we have found
cm1 for eléctron-transfer processes involving.® A combina- the values ofcr for these variants to range by as much as 1.5

tion of high and low frequency modes has also been used toA above and below their mean value of 11.5 A. Usitigr =

describe some processes. At 77 Kijh..,equals either 100 or 1000 cn1?, we have found the largest and smallest values of
| pr ’ flean€( V), for these variants to range between 30 and 60%cand the
650 cn1l, eq 2 yields a rate of activated electron transfer for

M210YF that is 0.9 ps, twice as fast as its tunneling rate from mean perturbations to the energy OIHBL by Qa-reduction

o . _ and P-oxidation to be 600 and 530 cthrespectively. Using
the ground vibrational state ofBthe quantum yield for BH, . : -
formation is thus roughly 25%, using the 160 fs lifetime for crystallographic estimates of distance, we have found the

« L . ' ) dielectric screening of the charges op énd P to be 6.5 and
B\, which is more consistent with the value of 40% estimated g g respectively, in the regions containing either @ P and

by van Grondelle and co-workers from transient absorption
spectra. The rate of activated electron transfer for M210YW in
these cases is either 1.2 or 0.6 ps, respectively; in the latter
case, the quantum yield is roughly 35%. However, the value of ntu- ) ;
650 o™ for Fmeanleads to BH. being higher in energy than coupled to t_he_@ > B[ H, charge-transfer reaction. To reduce

N 1 L nolist R the uncertainties in each of these results, it was necessary to
B, by almost 600 cm* for WT RCs. This situation is highly  characterize and avoid artifacts in data acquisition and data
unlikely since there could be no significant tunneling (or analysis. This process depends critically on the analysis of the
resonance Stark effect) without satisfying the resonance condi-apsorption spectrum of they@egion of RCs; further improve-
tion between the ground vibrational state of Bnd the ments in this analysis will improve the results from the
vibrational states of BH[. Thus it appears difficult to recon-  resonance Stark analysis. Increasing the spectral resolution by

the probe BH_. We have also argued that resonance Stark
effects are capable of yielding a quantitative estimate of 150
cm! for the mean vibrational frequency of the modes that are
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making mutants in the M203GD background, by displacing the  (35) Ermler, U.; Fritzsch, G.; Buchanan, S. K.; Michel, Structure

i 1995 2, 925.
B chromo_phore altogether, o_r by using |O_W6I’ temperature (36) Czarnecki, K.; Kirmaier, C.; Holten, D.; Bocian, D. §. Phys.
should provide better characterization of the issues approachet:pen,. a1999 103 2235.
here. (37) For both WT @ and WT P, the 4» spectral line shape changed
significantly upon changing; the values ofct determined from their &
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