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In the accompanying paper (Scholes, G. D.; Jordanides, X. J.; Fleming, &.Fhys. Chem2001, 105

1640), a generalization of Irster theory is developed to calculate electronic energy transfer (EET) in molecular
aggregates. Here we apply the theory to wild-type and mutant photosynthetic reaction centers (RCs) from
Rb. sphaeroidesas well as to the wild-type RC froRps.viridis. Experimental information from the X-ray
crystallographic structure, resonance Raman excitation profiles, and hole-burning measurements are integrated
with calculated electronic couplings to model the EET dynamics within the RC complex. Optical absorption
and circular dichroism spectra are calculated at various temperatures between 10 K and room temperature,
and compare well with the experimentally observed spectra. The calculated rise time of the population of the
lower exciton state of P, R as a result of energy transfer from the accessory bacteriochlorophyll, B, to the
special pair, P, irRb. sphaeroideéRps.viridis) wild-type at 298 K is 193 fs (239 fs), and is in satisfactory
agreement with experimental results. Our calculations, which employ a weak-coupling mechanism suggest
that the upper exciton state of P, Plays a central role in trapping excitation from B. Our ability to predict

the experimental rates is partly attributed to a proper calculation of the spectral ovgilepusing the

vibronic progressions. The main advance we have made, however, is to calculate the electronic couplings
V5o In terms of the molecular composition of donor and/or acceptor aggregates, rather than treating the acceptors
P, and P as point dipoles associated with each spectroscopic band. Thus, we believe our electronic couplings
capture the essence of the many-body interactions within the RC. Calculations for EET in two mutants, (M)-
L214H (the beta mutant) and (M)H202L (the heterodimer), are in reasonable agreement with experimental
results. In the case of the heterodimer the agreement depends on a decrease in the electronic couplings between
Dw and the rest of the pigments.

I. Introduction The determination of the three-dimensional crystal structures
. . . of the RC, first of the specie®RhodopseudomonafRps)

. The photosynthetic reacuon ce.nter (RC) of purple bacterla viridis*%and later oRhodobactetRh) sphaeroided® provided

is a transmembrane pigmerrotein complex present in the  he impetus for the development of a molecular level description

thylakoid membrane that efficiently accepts excitation energy f the mechanism of light-induced electron and energy transfer.

from antenna cqmplexes to initiate Ilght-anUced charge separa- - ag early as 1972 Slooten, using absorption measurements,

tion f“’m thg primary electron donethe first step n photo- roposed that electronic energy transfer (EET) from H and B

syntheS|s_. Figure 1 shows _the arrangement of the pigments. Th o P occurs in théRb. sphaeroide®C. In 1986 such energy

RC consists of three protein subunits: L, M, and H. The L and transfer was shown to occur from B to P for the RCRYs.

M subunits have relative 2-fold symmetry between them, and viridis in less than 100 fs at 298 KTwo years later, Breton et

consist of five transmembrane helices that bind 10 cofactors: al. demonstrated a similar result at 10 K for the sé\me spécies

two closely spaced bacteriochlorophgltnolecules (Pand Ri) Within the time resolution of these experiments, the energy

‘t‘gitte(?sosrgfr’!sbeact?eeri;:h-li) ?geﬂ ydis-r%%(lz:::luli aslr(I:B_ Q'r\l'g Brwn)o nt\cl)vrcr:enc transfer time was insensitive to temperature. Many other workers
Sory ; p S : later reported a similar ultrafast energy transfer from B to P at
bacteriopheophytins (Hand Hy), two ubiquinones (Rand Q). room temperature foRb. sphaeroide¥2° Using transient

if?gggﬁg (g]:c?;,)é 23‘;? nC%r:J'hI?nm?N'iﬁ?ﬁ ?ﬁ‘edrﬁg'lgtcej; dﬁ:ﬁg:eabsorption, Jia et al. resolved an energy transfer time of 116 fs
’ 9 ping from B to P1° Later, Jonas et al. used pumprobe anisotropy

(P-T—l)jhgntc:]earft?(si;tri?n::ﬁ:;e—(l)sliiglgrIgg%iﬁiftiso;hsag??;yrannrgemc to ascribe 80 and 150 fs components to B to P energy transfer
P_Pw*, which for the special pair are denoted a; th'\fa exciton and R 1o P- inte_rnal conversion, respectivety. Multicolor
stLat’\és’ R and P.. According to the protein subunits that bind transient absorption measurements performed by Vos et al.,
the cofactors t7h.e58 branches are denoted L and M, whereas ir?ossIbly the most de_talled study of ultrafast.energy transfer gnd
’ ’ internal conversion in the RC, reveal that internal conversion

the _nomenclature of the cofactors, one branch is denoted the Afrom the upper to lower exciton states of P is faster than energy
(active, electron transfer) branch and the other the B branch. transferi6 In addition, they reported energy transfer times in

Rps.viridis of ~ 90 fs at 298 K andv 80 fs at 15 K and irRb.

63‘*1(()30rresponding author. E-mail: GRFleming@Ilbl.gov. FAX: 510-642- sphaeroidesf ~ 180 fs at both 298 and 15 18.Several other

" Present address: Lash Miller Chemical Laboratories, 80 St. George 9r0UPS have reported similar results’~19 A temperature
Street, University of Toronto, Toronto, Ontario, Canada M5S 3H6. dependent study dRb. sphaeroidesperformed by Boxer and
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Figure 1. Schematic of the three-dimensional crystal structure of the RRlosphaeroideswhich has three protein subunits, L, M, and H. The
arrangement of the RC cofactors are shown in wireframe: P is the special pair electron donor; B is the monomeric bacteriochjdtiopttie
monomeric bacteriopheophyta Q is the ubiquinone and Car is a carotenoid molecule. Here, following the authors of refs 1 and 2, the subscripts
L or M denote the protein subunit associated with each cofactor.

co-workers using fluorescence up-conversion, resolved energyspectral overlap between B and,R is thought that the rate of
transfer times of 121 and 163 fs at 200 and 85 K, respectively, low-temperature energy transfer should be much slower than
indicating a weak temperature dependence of energy transferat room-temperature owing to the large (25 nm) spectral red-
from B to P. In addition, the appearance of P following shift of the lower exciton state,_Pat 10 K. Thus, it was later
excitation of H was shown to be50% slower than that from  suggested that the”"FEder mechanism is unlikely to mediate
direct excitation of B, and it was suggested that B was involved the EET at any temperatutéSeveral groups proposed alterna-
as a real intermediafé.The ultrafast time scales, yet apparent tive mechanisms. For example, Jean et al. suggested that a
modest donoracceptor spectral overlap has prompted numerous Forster dipole-dipole mechanism could not explain EET in the
discussions concerning the mechanism of the energy transfer RC and proposed that electronic couplings are possibly enhanced
An initial attempt to calculate the energy transfer rate for by orbital overlap dependent contributiodsBoxer and co-
Rps. viridis used a Pauli master equation calculation (using workers also suggested the importance of direct orbital overlap
Forster theory) to obtain time-dependent populatiine time by comparing results from wild-type and from a heterodimer
constant for room-temperature EET from B to the lowest exciton mutant!” Woodbury and co-workers suggested that the B to P
state of P was calculated to be3 ps?! On the other hand,  energy transfer may be limited by nuclear motion and not by
times comparable to experimental valueslb0 fs) were electronic coupling? Others also argued, but without extensive
predicted by employing a set of delocalized states irnsteo modeling, that a strong coupling mechanism is likely to be
type calculation at room temperatdfeHaran et al. suggested  required for a description of energy transfer from B t&' 216
that the very broad absorption band of &ntered at 860 nm  Doubt was expressed that a modified version afskar theory
for Rb. sphaeroidesverlaps significantly with the accessory could account for these remarkably fast EET tirffelRecently,
BChl, emission spectrum, thus the EET mechanism would be Sumi suggested that the failure of rster theory originates
dominated by interactions between B and'PHowever, if the because of a breakdown in the description of the EET process
Forster mechanism for EET is applicable and is dominated by in terms of the pairwise rat@3We came to a similar conclusion
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TABLE 1: Transition Dipole Unit Vectors ( x,y,2 for the Qy TABLE 2: Hamiltonian Matrix for RC Rb. sphaeroidesit
Transitions of Rb. sphaeroides 298 Ka
Ux Uy Uz Pu P Bwm BL HL Hwm

Pwu 0.8546 0.5051 0.1206 Pv 11610 395.0 —16.0 —104.0 19.9 —4.8

P —0.9649 —0.02504 0.2613 P 395.0 11610 —94.4 2.82 —6.8 18.0

BL 0.7782 0.5332 0.3317 Bwm —-16.0 —94.4 12220 19.3 -75 95.8

Bwm —0.9681 0.1107 0.2249 B. —104.0 2.82 19.3 12370 1231 -7.9

HL 0.04522 —0.9672 —0.2498 Hy 19.9 —6.8 -75 123.1 13020 3.9

Hwm 0.2749 —0.3694 —0.8877 Hwm —4.8 18.0 95.8 —7.90 3.9 13150

aThese unit vectors are scaled to reproduce the P, B, and H band 2 All energies are given in cnt. Diagonal energies are the effective

intensity ratios in the absorption and circular dichroism (CD). energies of the monomer pigments. The couplings, calculated from the

Rps.viridis crystal structure using the dipole approximation, are taken

in our recent modeling of B8GAB850 EET in the peripheral  from ref 27.
light-harvesting complex (LH2*

Together with knowledge of the arrangement of the pigments,
the electronic couplings between pigments, the eleetptionon
coupling, the energetic disorder, the vibrational modes, the
spectral overlap, and the time scales of excitation transfer, it
should be possible to provide a detailed picture of the energy
transfer process. Electronic structure theory has been employe
to estimate the electronic couplings between pigments of the
reaction centet>3° The electror-phonon coupling and the
energetic disorder are obtained from photon echo and hole
burning measurements, whereas the vibrational motions that
couple to the excitation are obtained from resonance Raman
experiments. In the present work, we bring all this information
together with the theoretical approach described in the ac-
companying paper to produce a detailed model for energy . o . )
transfer dynamics in the RC. We report here not only quantita- Rb. sphaeroidgsve assume that _tH@ps.umdls couplings in
tive predictions of the energy transfer rates (e.g., Hto B, B to Table 2 also apply t&b. sphaermdes ]

P) in bothRb. sphaeroideand Rps.viridis, but also a correct To simulate the absorption spectra as a function of temper-
prediction of the temperature dependence. Furthermore, the sam@ture, the couplings between Bnd R4 had to be varied. We
approach provides an accurate description of energy transfer inobtained values of 400 chat 298 K, 500 cm* at 200 K, 575

two mutant reaction centers. cmlat 77 K, and 618 cmt at 15 K, which reproduce the red

¢ shift of the P band in the absorption spectrum. A likely
mechanism that could give rise to such a temperature depen-
dence of the coupling is thermal contraction of the difi&k.on

and Friesner, who changed both site energies el R, and

the electronic coupling between Rnd Ry as a function of
temperature in order to simulate the CD and absorption spectra,
guggested such a temperature depend&isinilarly, Scherer

and Fisher increased the coupling within the special pair by

1 : ;
reaction center, the strong interactions between the two bacte-100 cnT* between 300 and 100 K in order to simulate the
absorption spectrum of botRps. ziridis3* and Rb. sphaeroi-

riochlorophylls of the special pair perturb the absorption 2556
spectrum. The present paper examines the role of the speciafjes' ’
pair as an energy acceptor by app]ymg the approach of the ii. Site EnergieS.The effective monomer energies of P, B,
accompanying paper to wild-type and mutant bacterial reaction @nd H are given by the diagonal values in Table 2 and are
centers. This paper is organized as follows: In section Il the adjustable parameters in the simulations. These energies are
model parameters used in the calculation of EET in the ‘effective” because they are obtained empirically by reproducing
photosynthetic RC fronRb. sphaeroideare provided. A brief the peaks of the absorption spectra. The electronic states for
description of the calculation strategy is presented in section the bacteriochlorophylls of R were taken to be degenerate.
1. Our results and discussion are presented in section IV and The relative energies betweemBnd B (and H and Hy) are
V, respectively. We describe possible limitations to the model assigned based on the experiments described below. In contrast
in section VI and close with concluding remarks in section V. to the special pair, the electronic site energies gfdhd B
are different. Experimentally, linear dichroism and absorption
measurements in WT vers&s26 (carotenoidless mutant) are
used to assign the red-side of the B band in the WTydBn

A. Hamiltonian Matrix. i. Electronic Couplings.The Q addition, the interpretation of the absorption spectrum of
transition dipole unit vectors, given in Table 1, are determined modified RCs, where [3-Vinyl]-130H-bacteriochlorophyla
using the vector between the N atom of ring Ill and the N replaces the BChlin the By and B binding sites, assigns the
atom of ring | of each BChl. The dipole strength for the Q energy of B to 803 nm and of B to 812 nm?3 A recent study
transition is an order to magnitude less than that pftius the of the mutant (M)H182L by King et al. also concludes that
Qy—Qy electronic couplings dominate. Moreover, for the energy E(Bm) > E(B.).2° The electronic states of the bacteriopheo-
transfer processes we examine here, onlyr@hsitions provide phytins H v are also placed at different energies as evidenced
significant spectral overlaps. by low-temperature linear dichroism measurements that resolve

The interchromophore electronic coupling facigg, is an
essential ingredient in any theoretical model to calculate
dynamics within the RC. An extensive number of calculations
have addressed the couplings between the reaction center
pigments25—32 We have elected to use the couplings reported

y Won and Friesner, who calculated the electronic couplings
etween effective monomer states of the R&p§.viridis using
the dipole approximation, and estimated the® coupling by
comparing simulations with experimental data3® This set of
couplings (shown in Table 2) reproduces a wide range of
experimental data (e.g., hole burniffggbsorptior?’2°-3%polar-
ized absorptiod® and circular dichroism (CB3¥2%39 and
reproduces many experimental results in the present simulations
as will be shown. Because of a lack of reliable couplings for

In the accompanying paper we developed a formulation o
Forster theory that allows for a calculation of energy transfer
in chromophore aggregatésWe showed in that paper that
when the spatial distribution of donors and acceptors in an
assembly is such that the doratonor, and/or accepter
acceptor interaction introduces some perturbation to the absorp
tion line shape, then the energy transfer rates must be calculate
using a generalization of Fster theory®® For example, in the

Il. Model Parameters
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H. and Hy.** Additional evidence of different site energies for TABLE 3: The Reorganization Energy, 4, and Time Scale,

H. and Hy is provided by the (M)L214H mutant, where aBghl 7, gor the Gaussian Component of (;f) and the fwhm Cf)f the

replaces a BPhein the H binding site*s this shifts the ~ Nflomogeneous Distribution, Linnon , for P, B, and H of Rb.
; . : sphaeroide®

absorption of the Hband to lower energy while leavingyH

unchanged?® AP T° Tinhom
To simulate the low-temperature absorption spectrum of the ~ special paichgl égo 680 égo

i i i accessory
RC, the site energies of . Rand R, change as a function of pheophytins a0 60 35

temperature: 11606 cmh at 298 K and 200K, 11493 cm at
77 K and 15K. The Hamiltonian, derived at a given temperature  * The functional form used for the time-correlation functioMg)
using Table 2, is used to determine the reduced ddtigrand = ) exp(—t¥7?) wherel is given in cnT! andz in femtoseconds. The

S : : . fwhm of the Gaussian inhomogeneous distribution relates to the standard
the acceptor, Hamiltonians as explained in the accompanying deviation,o, according td“inhomg= 0 2(2 In 2). ® Obtained by fitting

A I~ _ _ .
paper}® thereby providing the donor and acceptor states of the e apsorption spectrum; see text for detilEhe M(t) time constant
molecular system. in photon echo measurements of the RC B b&n¢iFrom hole-burning

B. Intramolecular Vibrations. Once the electronic Hamil- ~ measurements in refs 67 and 6&rom resonance Raman excita-
tonian has been diagonalized to obtain the electronic eigenstatestion profiles of ref 60/ Assumed to be the same as the accessory
the nuclear motions are included. It is important to note here

that these experimental vibrational modes are of the RC ments for H as B, and again use the frequencies determined by
§pectroscopic bands and not of individual monomers. Thus, we Raman spectroscop¥.The vibrational parameter sets of both
|ncIude_ these nuclear modes once the exciton states areg gnd H (Table IS, Supporting Information) are not adjusted
determined. as a function of temperature.

The existence of accurate resonance Raman data on the RC C. Electron—Phonon Coupling. The homogeneous contri-
provides both the ground-state frequencies of the modes thatbution to the donor emission and acceptor absorption line shapes,
couple to the optical excitation and the values of the nuclear or fast fluctuations compared to the time scale of energy transfer,
displacements associated with the excited-state potential energys the next ingredient required for the theoretical model. The
surface?” Table IS (see Supporting Information) lists all the time scale and amplitude of the electronic energy fluctuations
vibrational modes and HuardRhys factorsS, for P, B and H of a chromophore arise from the nuclear degrees of freedom of
used in the calculatiors measures the strength of the linear the protein-chromophore environment, which may be intramo-
electror-phonon coupling that relates to the dimensionless lecular (vibrational) or intermolecular in orighd.5® It is
displacement between equilibrium positions of ground and important to note that the contribution to the line-width arising
excited statesA via S = A?/2. Due to the similarity of the  from protein modes is often indistinguishable from that of the
frequencies obtained from stimulated emission and Ramanintramolecular vibrational modes of the chromophore. This
spectroscopy of P, we assume the ground and excited stateghromophore-protein interaction information is embedded in
have the same frequency. According to the formalism of Lee the homogeneous line shape, characterized by the furgtpn
and Heller!8-5! the time-dependent overlap of all vibrational which is derived from a cumulant expansion of the response
modes provides the FranelCondon factors, which in turn are  function and is given by
used to determine both absorption and fluorescence line shapes . ) .
according to egs 4 and 2, (section II.C), respectively. g(t) =ik fo dt, Mi(t,) + mwi?gﬁ) dt1j:)1dtzMi(tz) (1)

The Raman-active vibrations of the special pair have been
studied extensively by many research@rs® The work of where/; is the reorganization energiw?[¥2 is the coupling
Boxer and Mathies provides vibrational frequencies and dis- strengthM(t) is the electronic energy gap correlation function,
placements for B, P, and*>>as shown in Tables IS and IS andi denotes a given modé The coupling strength has a coth-
(see Supporting Information). Of all the frequencies assigned (hw/2kT) dependence on temperatuFewhich allows use of
to P, the 33, 96, 127, and the 204 chmodes may have  the line shape functiog(t) at low temperature.
considerable intradimer character owing to their absence from  The values of the parameters used to calcugtefor the
the Raman spectrum of the oxidized special p&iour similar reaction center chromophores, B, P, and H are provided in Table
low-frequency modes were also resolved in the stimutd®d 3. photon-ech and hole-burning experime§its®® have been
and spontaneof’ emission of P*. Mathies and co-workers employed on the RC to eliminate “inhomogeneous” broadening,
reported a value of 2.9 for the total dimensionless displacement,thereby isolating the “homogeneous” broadening contribution
which was distributed among 15 modes at room temperdture. to the absorption spectrum. Although the energy fluctuations
Owing to the temperature dependence of the P Raman frequenof solvated proteins occur over many time scéfes Gaussian
cies and intensitie¥’ the low-temperature parameter set (Table M(t) with a 60 fs time scale corresponds to the typical time
IS, Supporting Information) is employed in calculations of P component resolved in photon echo measurements on the RC
below 100 K. B band® and light-harvesting complexés72 Hole-burning

The vibrational parameters of the accessory bacteriochloro- measurements have been able to provide the fwhm of the
phylls originate from a 17-mode model reproducing resonance “homogeneous” contribution to P, which dominates the absorp-
Raman cross sections of B at 27&KAgain the low-frequency  tion width556873|n this regard, an absorption spectrum was
modes show similarity with those resolved by stimulated calculated solely wittg(t) and the fwhm was matched to the
emissior®® The total dimensionless displacement 0.3 resonance Raman “homogeneous” widfhem = 200 cntlof
implies that B undergoes modest structural rearrangement fromP, thereby fixing the coupling strength of the Gaussian. The
the ground to excited state, and is quite similar to the measuredsame procedure could not be carried out for B and H because
Sfor a Chla monomer®! Since the Raman cross sections of H to our knowledge, explicit values foFh,m have not been
and B are similar in magnitude and display similar temperature reported. Thus, the electretphonon coupling strengths for B
dependencies it is likely that the electronic and nuclear dynamicsand H are treated as variable parameters in order to reproduce
of H resemble those of B! Thus, we use the same displace- the RC experimental absorption.
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D. Disorder. Last, the energetic disorder, arising from fluc- _hom, y _ o0 _
tuations that are slow compared to the time scale of energy trans-a“ (€)= ZP(I)Re/S dtll (OTExpl(e

fer, is included in the model. Disorder can be either diagonal, |

due to slightly different molecular environments, or off-diagonal, <)UA] exp[=g(t)] (5)
expressing a variation in the intermolecular interactions (e.g.,

electronic coupling). Diagonal disorder causes a spread in theln €0 5,1 denotes the vibrational modes of the ground state.
transition frequencies that are offset By from the mean Circular dichroism spectra were calculated using an ana-
electronic transition frequency of each molecejeaccording ~ l0gous equation to 4, but replacing the transition dipole
to & = €0 + ;. The distribution of these offsets is assumed to Strength (i..|uq|?) with the rotational strength for each exciton
be GaussiarP(0) = exp(_éiz/zozy(o@) where o repre- level a with excitation energy, and corresponding wave-
sents the standard deviation of the distribution. The standard'©N9thZ«

deviation of the inhomogeneous distribution of P was obtained .

from hole-burning dat&6° The distribution of H is assumed - TR T

to be identical to B, which was obtained from resonance Raman R(€0) ZR“ (G x 7100 (6)
excitation profile$? Table 3 reports the fwhm of the inhomo- *
geneous distributiolinnom for all RC pigments. In general, the
angular brackets indicate an average over an ensemble o

pigment complexes. We assume that the off-diagonal disorder ,,j0cjar orientations in the RC were determined using X-ray

make_s a negligible contribution. In addition, the dia_gonal dis- crystallographic structures &ps.viridis® andRb. sphaeroide%.
order is assumed to be both uncorrelated between sites and teMy o hote that the accessory bacteriochlorophylls contribute a

perature mdependent. negative Cotton effect owing to their mutual orientation.
E. Integrating Model Parameters to Calculate Spectra.

By employing the various parameters specifieq above, the ||| EET calculation Strategy
methodology for each calculation of a spectrum is as follows: ) )
solve the eigenvalue equation for the molecular eigenstates, Although construction of a complete model for EET in the
include electrorphonon coupling using the line shape function, réaction center poses a great theoretical challenge, we believe
g(t), and the time-dependent overlap for each vibrational mode, OUr treatment, with the computational procedure diagrammed
which are both included in the basis of electronic stationary In Figure S of the previous paper, incorporates all the essential
states. Once this has been completed for a set of six pigmentsdetails for calculating energy transfer rates between the RC
a Monte Carlo procedure, analogous to that of Fidder é¢al., Pigments?® In section Ill of the accompanying paper we
was performed over 1000 to 2000 RC pigment complexes to described how to obtain the effective donor and acceptor states,
obtain the ensemble averaged observable of interest for the entird 9} and {og}, as well as the couplings between thexh,.
molecular aggregate. Hence, time independent observables suchssociated with each-o pair is also a spectral overlap(e).
as the absorption, emission, and CD spectra can be calculated®y SUmming over alb anda we collect eaclVs, and associated
as described below. Jsa(€), and thus their corresponding fragment of the EET rate
The fluorescence line shape for the donor D is defined by Via €d 15 of the accompanying pagérWe give a brief
summary of the calculation strategy here; for details on how
fole) = §|ﬂa| gom(e)B3 2) the theory is implemented to calculate EET dynamics in the
RC, please see section Il of the accompanying péper.
Our calculation ofly,(€) involves the following steps. (i) The

wherep, is the transition moment of state and the gngular .set of multiple donors and acceptdidy and{a} are interacted
brackets denote an ensemble average over the static disorder iy give the sets of multiple donor and acceptor statdsand

the site energies. The emission density of states (DOS) is given{ a}. In this way, the theory gives the position and electronic
by composition of the states, which in turn affect the effective
hom o K electronic couplings. (i) Experimental data concerning the
fs (€)= Z P(k)Refo dtik k() Lexpli(e — & + homogeneous?inegsha(p()es anpd vibronic structure are nov?incor-
porated into the model. (iii) Thés.(¢) between each and o
2A)uh] expl=g*(t] (3) is calculated. Since th¥;, are small, we can use the full
Here it is assumed that vibrational relaxation and thermalization Hamiltonian to calculate effective donor emission line shapes
have occurred prior to emission (and therefore prior to energy and effective acceptor absorption line shapes. The advantages
transfer). Again/. is the reorganization energy associated with Of this approach are that simultaneous calculation of the ab-
the Stokes shift. The superscript “hom” specifies the line shape sorption and CD spectra can provide checks on the model Ham-
in the absence of disorder (i.e., homogeneous line broadeningltonian, and level shifts (small perturbations of the absorption
only). k labels the vibrational modes, afiik(t)[represents the ~ band position) that arise through accumulalet interactions

whereR; is the center-to-center separation vector of molecules
i andj, which have transition moment vectgisandg;. These

time-dependent overlap of the initial vibratiok with its are properly incorporated into thieanda. line shapes.
evolution in the excited electronic state, which is a time-domain ~ For energy transfer fromBand By to the special pair dimer
representation of the Franelcondon factorse’ is the elec- of bacteriochlorophylls, there are two possible donor states that

tronic energy gap of the state adjusted for thermal population ~ We label B. and B- and two possible acceptor states, &d
of modek in the excited electronic state. It contributes with P-- At 298 K the effective donors foRb. sphaeroidesire
The absorption line shape for the acceptor A is defined by 0-1013HuCand|B.0= 0.9721B, [+ 0.1452By[}- 0.1783H, [J
whereas the effective acceptors are[0= —0.7071Py0+
a(e) = ETZlua|2a2°m(e)E (4) 0.707QP.0and |P 0= —0.707QPy0 — 0.7071P_.00 These

@ effective states are not always physically meaningful, but form
where the absorption DOS is given by a convenient basis set for our calculations. &d B- are a
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Figure 4. Comparison of the calculated (solid line) and experiméhtal
(circles) circular dichroism spectra f&hb. sphaeroidedRC at 298 K.
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Figure 2. Site energies (heavy bars), eigenstate energies (gray bars)
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of the six pigments. The delocalized (exciton) representation is a suitable

representation for the special pair (upper panel), whereas the localized
(monomer) representation is appropriate and employed to represent the
accessory bacteriochlorophylls (middle panel) and bacteriopheophytins

(lower panel).
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igure 3. paris u solid li Xperi ; ; .
abs_orption (circle_s) spectra fah sphaero_i(_jeRC at 298 KThe bars_ Egge:hgs Vlvse Vreer\’/::je%mE;Oysﬁmpp?//s'lgzlznrgeaaltn I?r?;u'ars S (r)?sﬁg;[]a
indicate the relative intensities and positions of the calculated eigen- . g
states. spectrum of the RC complex. Because of large coupling within
the dimer of BCh| molecules of the special pair P, the excited
case in point. We recognize that-EBind B- are not the usual state is split into upper and lower exciton states that are
representations of the donor states, which are thought to beenergetically separated by approximately twice the electronic
mostly localized on either Bor By, respectively. Our labeling  coupling. On the basis of experimental evidence Rip.
B. and B- refers only to a basis set of electronic eigenstates. sphaeroidesat 10 K, the lower energy component of the pair
Using our basis set we need to consider four possible energyof excitonic levels is P, whose absorption band is peaked at
transfer pathways: Bto Py, B; to P-, B- to P, and B- to ~ 890 nm, and the higher energy component s Rith an
P_. For each of these pathways, spectral overlipé) and absorption band peaked at 815 nm?? Thus, we use a
electronic couplingd/s, are calculated in order to obtain the delocalized representation for thg P(shown in the upper panel
coupling weighted spectral overlés,|2Jsa(€). The integrated of Figure 2) as a result of the strong electronic coupling. On
area of this dimensionless quantity is directly proportional to the other hand, the Bcontribution to the B spectroscopic band
the energy transfer rate. Thus, the overall rate corresponds toof the RC absorption spectrum has been shown experimentally
the sum of all four pathways o|Vs«|?Jsa(€) Where donor states  to lie at higher energy than y37.204243 presumably as a
0 = B4 and B- and acceptor states = P, and P. weighted consequence of different local environmett@ur strategy for
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TABLE 4: The Energies (in nm), Dipole Strengths (in ),
and Composition of the Exciton Eignenstates (in % of
monomer contributions) at 298 K for Rb. sphaeroidegno
disorder)

exciton energy dipole
state eigenvalue strength R P. B. Bw H. Hu

P- 893 1.76 50 50 0 0 0 0
P+ 835 0.25 45 44 3 8 0 0
B- 818 0.42 2 5 7 86 0 0
B+ 808 1.19 4 2 87 4 3 0
H- 767 0.39 0 0 4 0 96 0
H+ 760 0.24 0 0 oO 1 0 99

the accessory bacteriochlorophylls, as shown in the middle
panel of Figure 2, is to setyBand B at different site ener- 1 BIP,
gies. Thus, a localized representation is appropriate fpaid
BL in the RC, since the electronic coupling between them is @ 0.01 -
small compared to the site energy difference between them. N‘
Hence, it is important to emphasize that in the RC, energy S

transfer from B to P occurs from a localized donor (eithgr, B 1 /'

BL) to a delocalized acceptor (either Br P-). Similar to the B/P_

situation with By and B, H_ and H, are localized due to the 0.00 —— N e
large monomer energy difference compared to their mutual 700 750 800 850 900 950
electronic coupling. This situation is shown in the bottom panel

of Figure 2. Wavelength (nm)

The calculation of donor and acceptor states is based on therigure 6. The electronic coupling weighted spectral overlaps
+ and — (i.e., delocalized) representation, as shown by the [Ve|2Jsu(€) corresponding to the lower panel of Figure 5 and used to
exciton states in Table 4. By investigating the composition of determine the energy transfer pathway from B to P. The upper panel

these exciton states, one finds that &hd P. are delocalized Sho""f'\/éa'z‘]é“(e) fﬁr each of th%fougposﬂb'e pathwa)(_s' T?]e 'Or‘:"er

. . anel sums over the two possilile= B pathways revealing that the
over Ry and R, whereas B is 86% By, By is 87% B, P . . : the
H. is 99% Hy . and H. is 99% H. Instead of referring to g;:r;:](e;?tor is predominately the upper exciton state of the special pair

the exciton states of B and H when discussing energy transfer,

we use the physically meaningful representations discussedyy the dipole strength of the transitions, thus permitting weakly
above. For clarity, we refer to the monomer constituent that gjiowed transitions to contribute to the available manifold of

composes over 80% of each exciton state; e.g.vlll be donor and acceptor states. The overlap of each B density of
referred to as B states with each P density of states (e.g.wWih P.) provides

a total of four spectral overlap functionk(€). The corre-
IV. Results sponding overlap integrald, = /5Jsa(€)de are calculated to

A. Steady-State SpectraTo ensure the consistency of all beJsp, = 6.51x 107 cm, Jg,p, = 5.82x 1074 cm, Jgp =
parameters in the exciton model (Tables4land Tables IS~ 417> 107*cm, andJg p. = 3.82x 10~* cm (Recall that “B”
and I1S, Supporting Information), we model the absorption and here refers to “B,” etc. as explained in section IIl.). Hence,
circular dichroism spectra. For example, the calculated room- the spectral overlap between B and B 55% larger than
temperature absorption spectrum is compared to the experi-oetween B and P
mental data oRb. sphaeroidesobtained from Boxer and co- The electronic couplings/s, between the donory and
workerg® in Figure 3. The calculated absorption spectrum re- acceptoro states calculated using eq 11 of the accompanying
produces all the features of the experimental spectrum. The barpapef® are given byg p, = 82.7 cnT?, Vp,p, = 67.1 cn1?,
or exciton sticks represent the energies and relative dipole Ve,p. = —67.4 cnil, and Vg p. = 68.8 cmil. Clearly, the
strengths of the electronic exciton states. These energies anctlectronic coupling is quite equally distributed. Couplings to
dipole strengths, together with the composition of the exciton P- do not dominate over those to.Ris is suggested by the
states, are given in Table 4. It is important to recall that these dipole approximation, which relates the dipole strengths seen
eigenstate energies do not include the effects of homogeneousn the optical absorption spectrum to the couplifgs.
(electror-phonon and/or intramolecular vibrational) line broad- ~ To determine the energy transfer rate, edghis weighted
ening since the Hamiltonian is diagonalized with purely elec- by the square of the electronic couplingse/? to give the
tronic states. As a result of phonon and vibrational modes, the corresponding coupling-weighted spectral ovedg|2Jsq(€)
maxima of the calculated spectroscopic bands are always bluefor each pathway? Since |Vsqo|2Jso(€) is the quantity that
shifted with respect to the undressed eigenstates. The samegoverns EET we can ascertain the most significant electronic
model parameters give a room-temperature CD spectrum for states by comparing values fdie|Vsq|2Jsa(€), Which are directly
Rps. sphaeroidei reasonable accord with the experimental proportional to the rate for each pathway as pictured for B to P
result as shown in Figure 4. energy transfer in the upper panel of Figure 6. When a sum

B. Bto P EET, 298 K. The calculated fluorescence spectrum over the two donor B states is taken so as to obtain the average
of the donor and the absorption spectra of the potential acceptorsB to P EET times, th& sPs|Vsq|2Jso(€) are given by the lower
P+ and/or P. are shown in the upper panel of Figure 5. The panel of Figure 6. The B/P contribution to|Vse|2Jsa(€) is
density of states calculated for the donors &d By and significantly larger in area than the B/Rontribution, which
acceptors P and P involved in B to P energy transfer are clearly shows that energy transfer from B to P occurs primarily
shown in the lower panel of Figure 5. The DOS are not weighted from B (By or B.) to P+. The calculated EET times at 298 K
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0.004 - Figure 8. Comparison of the calculated (solid line) and experimental
<——H | By (circlesy® absorption spectra farh sphaeroideRC at 77 K The bars
indicate the intensities and positions of the calculated eigenstates.

<——Hp/ By Examination of theVsq|2Jsq(€) for the H to B active branch
Hyl B EET pathway, shown in the bottom panel of Figure 7, suggests
that the active branch pigments provide the dominant route for
/B energy transfer from H to B. In fact, if ifis excited the energy
L NI transfer time to B is 371 fs, whereas if His excited, energy
0.000 ' ' ) ) ' ' ' ' transfer to B occurs in 165 fs. The EET times calculated for
700 750 800 850 900 the other two pathways are 1.80 ps from td By and 15.4 ps
Wavelength (nm) from Hy to B.. With these four H to B EET times and the B
Figure 7. Calculation results for energy transfer from H toR& tq P .EET times from the previous SeCt_ion, \.Ne f:an solve the
sphaeroidesRC at 298 K. The density of states (upper panel) and k'net'(.; s_cheme t_o Cal_culate _the population kinetics from H to
the corresponding electronic coupling weighted spectral overlaps P+ This is described in section V.C and allows a comparison
[Vsal2Jsa(€) for the donor H/Hy and acceptor BBy eigenstates (lower ~ between our calculations and experiments.

0.002

VP d(e)

panel) are shown. D. Temperature Dependence of B to P EETAs discussed
' earlier, to simulate the low-temperature absorption spectrum,
for Rb sphaeroidesre 190 fs from B to Py, 322 fs from By (i) the site energies of Pand R, were adjusted, (ii) the

to P;, 445 fs from By to P-, 467 fs from B to P-. These electronic coupling within the special pair was increased, (i)
calculations provide quantitative support that the fathway the vibrational frequencies of P were altered (see Table IIS,
is the dominant, but not exclusive pathway. Experimentally, Supporting Information), and (iv) the coupling strength, or
exclusive preparation of the electronic statesaid By is not thermal component of the electrephonon coupling contribut-
generally possible; thus, in the Discussion section we devise aing to the line broadening, was recalculated (see eq 1).
kinetic model to compare our calculated rates with the experi-  \jth the above considerations, the B to P energy transfer
mental observables. dynamics can be calculated at any temperature. The 77 K
C.Hto P EET, 298 K. There are two possible pathways by experimental absorption spectrliis compared to the calculated
which energy can be transferred from H to P: (1) sequentially, spectrum in Figure 8. The electronic exciton states are also
i.e., H to B followed by B to P, and (2) H to P direct transfer, shown. Increased electronic mixing occurs between the pigments
where B is not directly populated. The electronic couplings and at lower temperature compared to room temperature. For
spectral overlaps for H to P direct transfer are both small. Hence, example, at 15 K the upper exciton state has 21% B character,
our calculations show that EET occurs by a sequential pathwaywhile at 298 K the upper exciton state has 8% B character. Our

as will be discussed below. calculations give the location ofRas a function of temperature

Calculation of the H to B electronic couplinys, yields the ~ to be: 814 nm at 298 K, 810 nm at 77 K, and 807 nm at 15 K.
following: Vu.s, = —113.2 cnT?, Vyy,,8,, = —87.5 cnTt, Vi s, As will be discussed in section V.A, these values agree with
= —38.7 cnm!, andVy,5, = 13.0 cn1? (Recall again that “B’ most experimental resulfd:*3:65.66

here refers to “B,” etc. as explained in section lIl.). The active As a function of temperature the EET times for the fastest of
branch bacteriopheophytin and bacteriochlorophyll pigments the four pathways from B to P, i.e.,.[Bo P, are 189 fs (298
have the largest electronic coupling of the four. The density of K), 174 fs (200 K), 167 fs (77 K), and 159 fs (15 K). The rest
states of the B acceptor states and the H donor states are showare provided in Table 11IS, Supporting Information. The increase
in Figure 7 (upper panel) and the associated spectral overlapsn the EET rate for the Bto P, pathway as the temperature is
Jsa between H and B are calculated to be the followirdg; g, lowered originates from an increase in the largest spectral
= 3.90 x 104 cm, Ju,p, = 2.97 x 1074, Iy, = 3.13 x overlapJg, p,. Even thoughlg p_, Jg,p_, andJg,p. decrease as
10“4cm, andly,s, = 3.22x 104 cm. Obviously the two states  a function of decreasing temperatudg,p, increases from 6.51
with the smallest energy difference, Bnd H, have the greatest x 1074 cm at 298 K to 7.77x 1074 cm at 15 K. Because of
spectral overlap. In addition, the importance of the vibrational the larger energy gap between &d P- at lower temperatures,
contribution to the spectral overlaps can be seen in upper panelcalculated here to be 800 chat 298 K and 1200 crt at 15

of Figure 7 where the DOS maximum of the electronic transition K, at 15 K the maximum of the PDOS blue-shifts to overlap

of the donor (acceptor) overlaps with the vibronic shoulder of with the maximum of the BDOS, thereby increasing the term
the acceptor (donor) DOS. As a result, the calculdig() and Je.p, (see bottom panel of Figure 5). On the other hand, the
similarly [Vsq|?Jsa(€) of Figure 7, are comprised of not merely maximum of the P DOS red-shifts as the temperature is
one peak atc 800 nm, but rather a broad band freen750 nm lowered; this decreases the spectral overlap between tB&S

to ~ 840 nm. and either the B DOS or the B DOS as the temperature is
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Figure 10. Comparison of the calculated (solid line) and experiméntal
B/P
— e T T absorption (circles) spectra f&ps.viridis RC at 298 K (upper left)
0.00 ' ' ’ and at 10 K (upper right). The electronic coupling weighted spectral
800 850 900 950 overlaps|Vsa|2Jsa(e€), after éumming of the two donor B states, are also
Wavelength (nm) shown at 298 K (lower left panel) and 10 K (lower right panel).

Figure 9. Plots of|V|2)(e) for the overall coupling pathway mediating  g|ectronic coupling within the special pair dimer, the energetic

B — P EET in theRh sphaeroidefRC at 77 K. The solid line represents . .
a calculation for B— P, EET and the dotdash line represents B disorder, and one of the low-frequency modes of the special

P_ EET. Disorder for the P pigments is a Gaussian distribution with Par- The Hamiltonian matrix for the reaction center Rfs.
(upper pane|)g- = 50 cnt! and (|ower paneuy = 450 cntl. The viridis at 298 K is similar to Table 2 with these modifications:

electronic coupling within the special pair is 575 ¢m E(P.m) = 10670 cn?, E(BL) = 11940 cm't, E(By) = 11840
cmL, E(HL) = 12390 cm, E(Hy) = 12620 cml, and V(P
lowered, but this is not enough to alter the overall EET rate —Pu) = 645.0 cnl. In Rps.ciridis, the monomer site energies
since it is dominated by theyR to Py pathways. for PL and Ry and the electronic coupling between them as a
E. Role of Disorder. The calculated B to P and H to B energy  function of temperature are as follow$/ = 700 cn* (E =
transfer times in the RC at room temperature only changes by 10 650 cn?) at 200 K,V = 750 cn! (E = 10 640 cm?) at
1 fs when energetic disorder is included in the calculation. A 100 K, andV = 850 cn* (E = 10 600 cm?) at 10 K. The
minor exception to this is for direct H to P energy transfer where larger intradimer coupling irRps. viridis compared toRb.
ensemble averaging over 2000 molecules increases the energgphaeroidescorrelates with the estimated smaller separation
transfer rate by 7% with disorder relative to that without. This between dimer macrocycles Rps.viridis.® The coupling we
is a result of the much smaller spectral overlap between H and employ within the special pair is quite similar to the 677 ¢m
P than between the other RC pigments. At low temperatures, at 297 K reported by Won and Friesr#érand to the 650 cmt
where the spectroscopic bands narrow and P band red-shiftsat 77 K reported by Schulten and co-workéf3he energetic
disorder can potentially have a more significant role in the disorder, using hole-burning, was determined to be 120'&##°
energy transfer within the RC. However, even at 15 K the effect Because this value is 50 crh smaller than that ofRb.
is small, e.g., the calculated EET times from B to P and H to Sphaeroidesthe disorder can be neglected in the calculations
B are altered by 2%, while direct H to P changes by 8% when of EET in theRps.viridis RC. The last model parameter that is
an inhomogeneous distribution of site energies is incorporated adjusted is the so-called special pair marker mode, which has
for all pigments. Therefore, disorder can be neglected in the an energy of 135 crmt in Rps. viridis.®
description of energy transfer from B to P or H to B, and cannot  The calculated 298 K absorption spectrumRps.ziridis is
be used to rationalize the temperature independence of the EETcompared to the experimental spectrum in Figure 10 and shows
rates. This observation is in marked contrast to our studies of excellent agreement. A comparison between the calculated and
the peripheral light-harvesting antenna (LH2), where the experimental 10 K spectra, however, only reveals modest
calculated B800 to B850 energy transfer time at 50 K increased agreement, which seems to result from the inability of our line
by a factor of 3 when disorder is includét. shape functiong(t), to predict the correct low temperature
In Figure 9 we show théVs«|2Js«(€) for two of the coupling homogeneous line shape. We can explain this only if the spectral
pathways for B—~ P EET at 77 K in the RC. We compare here density,p(w), used to construd(t) is temperature dependent.
calculations where disorder is represented by a Gaussian The calculated energy transfer times Rps.viridis at room
distribution witho = 50 cnt! (upper panel) to those with = temperature are 177 fs from_Bo Py, 406 fs from B, to Py,
450 cnt! (lower panel). Even when the disorder in the 682 fsfrom B, to P-, and 1.15 ps from Bto P-. The calculated
calculation is on the order of the coupling within the special H to B EET times are 92 fs from Hto B, 263 fs from H; to
pair bacteriochlorophylls (575 cm), i.e., 0 = 450 cn1?, Bwm, 891 from H. to By, and 6.03 ps from | to B.. As in Rb.
pairwise rates are not recovered, i.e., the EET still does not look sphaeroidesthe dominant EET pathway from B to P is from
like By to Py, etc. Instead, the special pair dimer must still be B to Py. Experiments that claim to preferentially excite;H
considered the energy acceptor. In the calculation with the largerand observe a slower bleach in the land when compared to

disorder, it can be seen that the tyx4|%Jsq(€) profiles for B HL/B excitatiori® agree with the trend in EET times calculated

to P, and B to P are more similar than with the smaller here.

disorder, but B to P still has a larger integrated area. As a function of temperature, the EET times of the fastest of
F. Rps.viridis. We calculate the EET dynamics in tiRps. the four pathways from B to P iRps.viridis, i.e., B_to P, are

viridis RC by altering the following with respect to tHieb. given in Table IlIS, Supporting Information, and seem to be

sphaeroidescalculation: site energies of the pigments, the quite insensitive to temperature. When a sum over the two donor
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Figure 11. Comparison of the calculated (solid line) and experiméntal
absorption (circles) spectra for the reaction center mutant (M)L214H
(the beta mutant) at 77 K. In the beta mutant a bacteriochlorophyll
labeledf. replaces H.

B states is taken so as to obtain the average B to P EET times

at 298 and 10 K, th& sPs|Vs«/?Jsa(€) are given by the lower
panels of Figure 10. The B/Pcontribution to|Vsq|2Jsa(€), at
both 298 and 10 K, is significantly larger in area than the_B/P
contribution, which clearly shows that.Fs the primary energy
acceptor in the energy transfer from B to PRps.viridis. The
increase in the calculated rate of the\Bto P, pathways as

the temperature is lowered originates from an increase in the

two largest spectral overlapds p, and Jg,p,, Whose sum
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Figure 12. The calculated (solid line) and experimentalbsorption
spectra of the reaction center mutant (M)H202L (heterodimer) at 298
K (top panel) and 77 K (lower panel). The calculated exciton states

increases by 31% from 298 to 10 K due to the calculated 8 nm are also depicted for the heterodimer mutant, where a bacteriopheo-

blue-shift in the R DOS from 298 to 10 K. On the other hand,
the 27% decrease in the sumXfp_ andJg,p_ from 298 to 10
K results from the calculated 28 nm red-shift in the POS
from 298 to 10 K.

G. Mutant Reaction Centers from Rb. sphaeroides. Beta
Mutant, (M)L214H.To test the robustness of the theory,
calculations were undertaken on the mutant RC in which
Leucine 214, located near the center qf, it replaced with
histidine. This mutation results in the incorporation of a BChl
in place of a BPhgin the H_ binding site (H to 4.) and this
species is often referred to as fhenutant?® This chromophore

phytin a replaces R of the special pair.

ii. Heterodimer, (M)H202L Of the large number of site-
directed mutations in thRb. sphaeroideRC, the heterodimer,
where a leucine replaces the histidine that coordinate®fP
the special pair, is one of the most widely studié&t 26 As a
result of this particular mutation, the Mgion is lost and a
bacteriopheophytin replacesPthus creating the special pair
heterodimer BP—BCh,_, commonly denoted {p—D, in order
to differentiate it from R—P_.8 The larger spread in energy
of the heterodimer D absorption band, evident in the absorption

change is evident in the absorption spectrum at 77 K (see Figurespectrum shown in Figure 12, has been suggested to arise from

11) by the appearance of two bands: theband at 781 nm,
and the H, at 759 nmi378 The quantum vyield of electron
transfer from P to the primary quinone was found to be 60%
less in this mutant than in the wild-type, indicating that the
energetics of electron transfer are severely pertutb&tergy

a large distribution of distances between the two halves of the
heterodime@*85and/or larger coupling to charge transfer states
than in the wild-type as a result of electronic asymmétis/.

A crystallographic analysis of the heterodimer reveals that
replacement of i with bacteriopheophytin causes no significant

transfer has also been studied in this mutant. EET along thestructural perturbatiorfd.Hammes et al. used Stark spectroscopy
active and inactive branches of the RC was compared by Boxerand the low-temperature absorption spectrum of D to resolve
and co-workers, who found a somewhat slower EET time along two bands ak850 nm and~920 nm8&® Though these bands

the M side (i.e., from Iy to P) than along the L side (i.e., from
ﬁL to P)l3
To calculate the energy transfer rate in thenutant, all the

were initially suggested to be the upper and lower excitonic
states of 36 with perpendicular transition moments, more recent
fluorescence anisotropy data suggests that the two states have

model parameters are assumed to be identical to the wild-type,parallel transition moments.Interpretation of resonance Raman

with the exception of the site energies, electronic couplings,

spectrum of the (M)H202L mutant suggests that the 850 nm

and dipole strengths of the altered pigment. The former pigment band is excitonic in natur&.

H_ is changed to a bacteriochlorophyll label@d, which
corresponds to a decrease in energy from 13020 to 12730 cm
in our calculation. In addition, the increase in the oscillator
strength when changing from BRie BChl, is ~ 20—30% as
judged by comparing the spectra of the pigments in ethihis

A change in the electronic couplings is perhaps the most
relevant result of the mutation from BChl to BPhe in thg P
binding site. From the drastic alteration of the CD spectrum of
Rb. capsulatusheterodimer, Breton et al. inferred reduced
couplings between all the chromophofeésMoreover, the

change corresponds to an increase in the transition dipoleabsence of a negative LD component in the usual region.of P

moment by~10—14%,; accordingly we increase the electronic
couplings to theB. pigment by 129° In addition, the site
energy of H; is decreased by 32 crh The calculated

indicates reduced coupling between &nd D,.8° Due to the
fact that the @ dipole strength of BPhe is lower than that of
BChl, one can predict reduced coupling between the BChI-BPhe

absorption spectrum at 77 K is compared to the experimental dimer compared to a dimer of BChls in addition to predicting
spectrum in Figure 11 and appears to be in satisfactory reduced coupling between the BPhe in thg linding site and

agreement. The calculated energy transfer time fforto B is
101 fs and from kg to B is 375 fs.

the rest of the pigments. Hammes et al. estimated that the
coupling within D is reduced by at least a factor of 2 from that
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within P, based on the different transition energies and oscillator
strengths of B and 18 In addition, EET measurements on the
heterodimer performed by King et al. suggest the possibility of
electronic couplings that differ from the wild-type between the
chromophores along the active brariéh.

With the above experimental observations in mind, we can
model the EET dynamics in the heterodimer RC using a
minimum set of adjustable parameters. The site energies of the
accessory BChls are shifted to the following(By) = 12280
cmtandE(BL) = 12440 cn1! because the absorption band of
B in the heterodimer is shifted from a maximum of 805 nm in
the wild-type to 802 nm. However, the energy difference
between B and B in (M)H202L is the same as in the wild-
type RC. At room temperature the site energies aratt10710
cm, and Oy at 11010 cm?, which have an energy difference
similar to the difference in (Xransition energies of BPhand
BChl, in solution. At 77 K, the D region has a flatter plateau
and we assign the site energies qf t© be 10230 cm! and of
Dn to be 10810 cml. In accordance with the suggestion of
Hammes et aB® the electronic coupling between @nd Dy is

taken to be half the value of the wild-type, thés, p,, at 298 K
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¢ 0-002 4
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is 200 cntt and at 77 K is 287 cmt. In addition, the couplings
between [y, and all the other RC pigments are halved. The
line broadening functions for D are adjusted to fit the 77 and
298 K absorption spectra in the region of D. This requires a
g(t) with A = 800 cnm! for the 850 nm feature andgft) with

A =600 cnr! for the 920 nm feature, which corresponds with
the general trend of the fwhms reported by Hammes &% al.
The large homogeneous widths, compared te 100 cn1? of

the wild-type, are essential to reproduce the broad plateau-like
region in the spectrum from 820 to 980 nm.

Figure 13. Calculation results for energy transfer from B to D for the
heterodimer mutant at 77 K. The density of states (upper panel) and
the corresponding electronic coupling weighted spectral overlaps
[Vl 2Jsa(€) for the donor B/By and acceptor /D, eigenstates (lower
panel) are shown.

H. The Effects of Excess Vibrational Excitation. The
possibility that B to P or H to P EET proceeds from an
unrelaxed, vibrationally hot, initial donor excited state has been
previously suggeste®:1*16 |t is possible that vibrational

Using these input parametersy the room_temperature absorpfe|axati0n competes with the energy transfer from either H or

tion spectrum was calculated and is compared with the
experimental result8 in Figure 12 (upper panel). At 298 K,
the lowest energy exciton state is composed of 78%wabd

B to P. Recently, it has been shown b. sphaeroideat 298
K that there is an excitation wavelength dependence of the RC
spectral evolution, and that the amplitude of stimulated emission

22% Dy, while the second lowest energy exciton state is 22% from P~ is roughly 20% less when H or B are excited than
D, and 78% L. Their transition moments were calculated to When P is excited? One possible origin of these experimental
have an angle of 27 degrees between them. The exciton Stategbservatio_ns is incomplete vibrational relaxation of B and/or
of the heterodimer special pair are different from the wild-type H on the time scale of energy transfer td*P.
because there is no longer a 50:50 excitonic mix between D  TO investigate whether incomplete thermal equilibration in
states. With the inclusion of line broadening in the calculation, the electronically excited state of the donor significantly affects
these absorption features peak at 832 and 866 nm. The calculatethe time scale of EET, we calculated energy transfer from a
CD spectrum has only two bands one of positive ellipticity thermalized, vibrationally hot (1200 K) donor bacteriochloro-
and one of negative ellipticity- similar to the CD reported for ~ Phyll excited state to a thermalized (298 K) acceptor special
the Rb. capsulatufieterodimeP® By summing the calculated ~ Palr ground state. The distribution of B vibrational populations
EET rates from B (or B.) to the two acceptor D states, the @t 1200 K corresponds to an excess vibrational energy of 834
EET times are calculated to be 233 fs from B D and 810fs ~ ¢M ' compared to those equilibrated at 298 K, which corre-
from B, to D. sponds to 207 cmi of excess energy. Although the distribution
In the lower panel of Figure 12, the calculated 77 K of vibrational populations drastically changes as a function of

absorption spectrum and the experimental absorption speétrum temperature, the calculated EET time increases by only 3 1s at

are shown. At this lower temperature, where the site energy g‘é_rh'g]tgr tt:n;zegtunri?i'caHnilnciﬁvgstgc? EOt ti)épzdnrneqifs tsz
difference is larger, the two lowest energy exciton states are Y y y y

even more localized on either D, i.e.. the 987 nm state is vibrational relaxation and thermal equilibration in the donor

composed of 88% Dand 12% Ly character and the 918 nm excited state.
state is 12% D and 88% Ly. Once the homogeneous line V. Discussion
shapes are included, the densities of states corresponding to these’
exciton sticks are blue-shifted to 835 and 910 nm, respectively. A. Steady-State Spectralt is difficult to determine precisely
This is shown in the density of states plot in the upper panel of the P. position at room temperature because of the large
Figure 13. Because the positions of these states are not as welélectron-phonon coupling and overlap of the bands. Accord-
determined as they are in the wild-type, there is a larger un- ingly, the position of the upper exciton component has been
certainty in the calculated energy transfer rate. The four pos- the subject of extensive debaf0:42-44.65.66.88yyhich will be
sible |Vsq|?Jsa(€) are shown in the lower panel of Figure 13. summarized below for the RC froilRb. sphaeroidesUsing
This figure reveals that the M side dominates the energy transferlinear dichroism, the studies by Breton et al. at 1% Knd

to D. Beekman et al. at 77  estimated R to lie at 814 and 815
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Figure 14. The RC state populations (at 298 K feb. sphaeroides
calculated by employing the kinetic model shown with the calculated
EET times given in the text. The B population decays with a 164 fs
time constant, the Ppopulation rises with a 193 fs time constant, and
the R. population rises and decays with 48 and 158 fs time constants,
respectively.

nm, respectively. A pumpprobe anisotropy study at 298 K
assigned it to 825 niif. Photochemical hole-burning at 4.2 K
assigned a feature at 811 nm tq,%¥ photon echo spectra
assigned it to 813 nm at 77 ® and recently a 8 K absorption
spectra of a modified RC, with accessory BC$uibstituted by
[3-vinyl]-132-OH-BChl, located R between 805 and 810 nm
at 8 K23 In the present study, thePband is assigned to 814
nm at 298 K (see the maximum of the density of states.of P
in bottom part of Figure 5) and blue-shifts slightly as a function

of temperature (810 nm at 15 K). This assignment agrees with

most of the experimental dat&#3.6566.88
There are deviations between experimental and calculated C

spectra as can be seen in Figure 4. However the CD spectrum

depends on RC preparati&hThe experimental CD spectrum
shown here is forRb. sphaeroidesR26 mutanf® In our
calculations, the site energies of thg Bnd B were optimized

to agree with the experimental absorption spéettlaat were
measured for RCs fronmRb. sphaeroideswild-type. The
calculated positive ellipticity of the 790 nm band is not as large
as the experimental value. If the only interactions contributing
to the CD were excitonic interactions between thear@nsition
dipoles of the bacteriochlorin molecules, the CD spectrum would
be conservativé! However, the experimental CD spectrum of
the RC contains more positive than negative ellipticity. Mar
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between thex180 fs decay of the B bleach measured by Vos
et all® and the 124 fs decay at 800 nm measured by Jonas et
al.*? To calculate the kinetics of Pwe assume that the rate of
energy transfer rather than the rate of B P- internal
conversionki, is rate limiting?2 When we assume &;{)~* of

50 fs, the rise of the Ppopulation is fit to a single exponential
with a 193 fs time constant. For the remainder of the paper
(kic)~* will be assumed to be 50 fs. The rise of the fluorescence
of P- has been measured by our group to be 120 fs at 298 K,
which is faster than the calculated rise times. Table 5 shows a
comparison between time constants extracted from fitting the
population kinetics with our calculated EET times and the
experimental EET dynamics in the RC.

ii. Electronic Couplings.In the accompanying paper we
described in detail how to calculate electronic couplings between
effective donor and acceptor states in molecular aggreéates.
The central result of that paper is that electronic couplings must
account explicitly for the pairwise interactions between each
molecule in the aggregat€We considered the averaging over
wave functions to determine the Coulombic coupling to be
implemented on two levels. In the present work this reduces to
two levels of implementation of the dipole approximation: (a)
with respect to the coupling between sites (i.e., using the dipole
approximation for pairwise couplings such ag B R) and
(b) with respect to the coupling between donor and acceptor
supermolecules (e.g.\Bto P-). Here we have formulated the
expression for the EET rate in terms of effective couplings,
and implemented the dipole approximation only for the coupling
between sites (a). As such, it is not possible to associate donor,
9, or acceptorgp, states with one molecule entirely. Using the
full Hamiltonian for the RC, we obtain the effective couplings,

DVéa, listed in column 2 of Table 6. In this representation, the

effective donors are mixtures of B and H, and the effective
acceptors are mixtures of P and H.

To enable us to quantify the deviation of our result from that
obtained from dipole-dipole couplings between monomeric B
and By and the effective acceptor;Pand P, we transform
our calculatedVs, into a form Vy, such that the donors are
truly 100% By or B (rather than effective donors). Given the
effective donor and acceptor wave functions provided in section
11, the electronic couplings between sit&4,, in Table 2, and
the electronic couplings between effective donor and acceptor
states, Vs, in Table 6, (column 2) a transformation from
effective donors to a localized donor representation is possible.

and Gingras discovered that the RC CD spectrum becameThese couplings are given in column three of Table 6 and are

conservative when the interactions were limited to the special
pair dimer and one accessory B by trapping the rest of the
pigments in doubly reduced staf8sThese workers suggested

that the nonconservative CD spectrum originates from the

precisely analogous to the example given in Figur®® 8bthe
accompanying paper. The effective couplinds,, differ from
the pure B donor state couplingg€m,, by as much as 18%,
which results from associating the dondt,to one molecule

interactions between the H and B chromophores and their localentirely. These differences betwe¥g, andVm, occur because

protein environment¥: Thus, the incorrect ellipticity in the 790

the donor bacteriochlorophylls are not pure® By; they are

nm band predicted by our calculations perhaps originates from slightly mixed. This mixing introduces an interference effect,

neglect of specific protein interactions.
B. B to P EET, 298 K. i. Comparison with Experiments.
Experiments do not simply measure the EET rate from B to P,

which affects the net coupling between thgB, and R./P-.
The interference may be constructive or destructive because
individual contributions to the couplings have different signs

but rather the decay or rise in a population. Thus, to compare just as in multiple pathway superexchaijé” This interference
the calculated electronic energy transfer rates with experimentalis also responsible for causing thig p, to be the largest of the

observables, namely, the rise of the fluorescence_obPthe
decay of the bleach (or emission) of B, the electronic state

four calculated couplingsVse. In the case ol p,, there is
constructive interference between the dire¢t-B; coupling

populations of the states in the kinetic scheme in Figure 14 areand the indirect B—By—P. coupling, which results iVg p,

simulated and fit. The normalized populations of each state,
where [Bf)] = [Bum(t)] + [BL(t)], are shown in Figure 14 for
Rb. sphaeroidesit 298 K. A monoexponential fit of the B
population decay yields a time constant of 164 fs, which lies

being larger thaivg,,p,, Where there is destructive interference
between the direct and indirect pathways. For an explanation
of electronic couplings that occur through multiple pathways
see referenc&&°7 and references therein.
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TABLE 5: A Comparison between the Calculated and Experimental Electronic Energy Transfer Times Obtained from Fitting

Population Dynamics in the RCG

reaction center/ EET times
speciegemp pathway observable calculdted experiment reference
Rb. sphaeroides
wild-type
298 K Bto P [B¢)] decay 164 180 Vos et af
124 Jonas et &f
[P-(t)] rise 193 120 Jonas et &.
HtoB [H(t)] decay 242 <100 Vos et al®
77K Bto P [Bt)] decay 173 160- 10 King et a2
[P_(t)] rise 196 163+ 54 Stanley et al3¢
HtoP [P-(t)] rise 370 260+ 32
15K HtoB [H(®)] decay 266 <100 Vos et al®
BtoP [B(t)] decay 175 206300
beta mutant
77K Hw to P [P-(1)] rise 480 300+ 11 Stanley et al¥¢
pLto P [P-(t)] rise 250 23%- 35
BtoP [P-(t)] rise 196 162+ 25
heterodimer
77K B .toD [D(t)] rise 710 784-873 King et alt’¢
Bm to D [D(t)] rise 278 99-139
Rps.viridis
298 K BtoP [P-(t)]bleach 215 90 Vos et &f.
10K BtoP [P-(t)]bleach 192 80

aAll times are in femtoseconds (fs). Only the calculated EET rates, which have an experimental counterpart, are Ehesennumbers are

obtained from a monoexponential fit of the time dependent concentrations of the kinetic scheme as explained in the text. The calculated values from

H to P as a result of the quality of the fit, have a larger error, thus are reported with only two significant figtinese experiments are performed

at 85 K.

TABLE 6: Calculated Electronic Couplings in the Rb.
SphaeroideRC at 298 K [All Couplings in Wavenumbers
(cm™)

electronic couplings

coupled pigments Vio? Vine® Ve
Bm P- —67.4 —55.4 198.4
BLP- 68.8 75.5 —182.1
BumPs 67.1 78.0 —6.3
BLP+ 82.7 71.6 —29.0

a Effective couplings used in our calculatiohBy and B are pure
monomers, (see Figure 3b of the accompanying @8péDipole
approximation between supermolecules, e.g., betweeang By (see
Figure 3c of the accompanying paffer

The dipole approximation, as used in the usual application
of Forster theory Vaa O kupua/R®) where the donors are
monomeric B v and the acceptors are upper and lower exciton

state transition dipoles of P (assumed to be a supermolecule!)

produces couplings that may be directly compared withv@ur
These dipole couplingd/4q, given in column four of Table 6,
differ significantly from both theV,, and theVy, used to
calculate EET in this work. Notice, for example, that at this
level of description the coupling to4Fs very small and the
coupling to R is large. Therefore, within the dipole approxima-
tion the electronic couplings are proportional to the transition
dipole moment of the electronic transiti&hThe dipole ap-
proximation in the context of molecular aggregates, i.e.,

So far we have focused entirely on Coulombic coupling
between donors and acceptors. However, in efforts to rationalize
the rapid energy transfer times observed in the reaction center,
orbital overlap mediated couplinyﬂ‘ﬁrﬁ has been proposed by
several authorsl-1316.2122The conclusion from the present
work, however, is that the deficiency of the dipeldipole
coupling Vyq is not due to discrepancies in calculating the
pairwise couplings,Vmn On the contrary, the Coulombic
coupling seems quite adequate provided the deaoceptor
coupling, Vs, is calculated correctly. Our results suggest that
Vihot < VU for all couplings within the reaction center
except R—P., which is reasonable considering recent calcula-
tions of the electronic couplings within the LH2 antenna
complex?® The way that we have adaptedrBter theory does
not explicitly include orbital overlap effects. However, because
the interactions that depend explicitly on orbital overlap are
usually a nearest-neighbor interaction, we can absorb these terms
into the couplingsVmn, to a good approximation. In addition
our model does not explicitly include interactions with the
charge transfer states; however, these are implicitly accounted
for in the special pair by varying the coupling within Bnd
Pwv and their site energies. Charge transfer states between other
pigments are ignored becausﬁt‘,?" is expected to be very
small between the#f%101

iii. Role of Py in the mechanism of EET from B toMthough
not a unanimous agreeméfita consensus exists that the usual

implemented at the second level above, imposes a further levelapplication of Fester theory is deficient by as much as an order

of averaging such that the_For P;) special pair state is taken

of magnitude in accounting for the rate of EET between the

to be an energy acceptor. This averaging is akin to that in optical RC cofactorg31416.21.23Thjs comes about from use of thay

spectroscopy. The wavelength of the probing light is large

values of Table 6 which, because Parries 88% of the dipole

compared to the dimensions of the aggregate, so the distinctionstrength, shows strong coupling to B despite the small overlap
between different molecules in the aggregate and their role in with the B emission. On the other hand, the upper exciton state
the coupling between donor and acceptor is obliterated. This P+ overlaps significantly with the B emission, but since it carries
inability to resolve the true molecular dimensions reduces the only 12% of the total dipole strength, it has sméd values.

set of two P molecules to one point in space whose coupling is Table 6 clearly implies that EET predominantly occurs from B
determined to another point in space B molecule, whose to P- at the level ofVyq. Our adaptation of Fster theory not
coupling is given byWgg. only gives a much-improved quantitative agreement with
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experiment, but a different physical picture than that suggested

by the usual application of Fster theory emerges. Our more

detailed model suggests that a weak-coupling mechanism, in

which the energy transfer is dominated by the-BP, (—P-)
pathway, provides an adequate description.

Some researchers have previously suggested the involvement

of P in mediating EET from B to P,10.121621pyt others

considered it to be less important than direct energy transfer to

pP_.91517.18 A Forster calculation by Hochstrasser and co-
workers?!® based on the couplings of Scherer and Fiséhéf,

suggested that there is sufficient spectral overlap between the

BL emission and the Pabsorption to achieve an EET time of
158 fs for the active branclk.However, the Scherer and Fischer
Hamiltonian differs significantly from the one we have used.
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The theoretical analysis of the absorption and CD spectra by Figure 15. The calculated and experimental temperature dependence

Scherer and Fischer f&th. sphaeroidesesults in an eigenstate
representation that heavily mixes B anddhd assigns the band
with most P. character to 776 nm. In addition, the exciton states
B_ (at 798 nm) and B (at 807 nm) were sandwiched between
P+ (776 nm) and P (859 nm)353% Using their electronic
couplings (and allowing the site energies to vary in order to fit

of the B population decay (dashed line with filled circles) and of the
P_ population rise (solid line with open circles), representing EET from
B to P inRb. sphaeroidesare shown. The experimental Fise times
(open symbols) have the following origins: the triangles at 85 and
200 K are from ref 13 and the diamond at 298 K is from refs 10 and
11. The experimental B decay times (solid symbols) have the following
origins: the squares 10 and 298 K are from ref 16, the triangle at 85

the absorption and CD spectra), we calculated a similar energyk is from ref 20, and the diamond at 298 K is from ref 12.

ordering of the exciton states, which is in serious disagreement

with the experimentally determined location of the BCahd
the P. bands!?243:66.65Therefore, we believe that the model used
by Scherer and Fisch&r® incorrectly places P at higher
energy, 776 nm, than Band B;. Nonetheless, if we use the

Scherer and Fischer Hamiltonian to calculate the EET rate, the

decay of the B population is 202 fs and is dominated by
electronic interaction and spectral overlap between B and P
Of course, in this model Pplays the dominant role in EET
from B to P.

The faster calculated energy transfer times, compared to
previous estimates, can be partially attributed to the improved
spectral overlap used throughout this work. The large displace-

ments of the special pair intramolecular vibrational mégles

result in a vibronic manifold on the blue edge of the acceptor
P (or B) density of states providing significant spectral overlap
with the donor B (or H) density of states as shown in Figures

5 -7. Using the experimental line shapes, the spectral overlapst

at 298 K are calculated to increase the rate of EET from B to

P by a factor of 3 over that calculated with Gaussian line shapes.

Another factor that could affedgp, is the Stokes shift of B. If

we take the Stokes shift of B to be precisely zero on the time

scale of EET, as reported by King et #lthen we calculate an
energy transfer time from B to P Rb. sphaeroidethat is 2%

slower than the EET rate calculated with our original parameters.
Thus, we find that our conclusions are not critically dependent

upon the exact position of B orP

The results of our EET calculations from B to P can be
summarized as follows: (1) using our detailed vibrational line
shapes to determink,(¢) decreases the calculatetrfer EET
times to~1 ps from thex3 ps reported previousk},and (2)
the calculatedv200 fs rise time of the Ppopulation, in good

To compare our calculations with experiments that measure
the P- fluorescence, we add the two states,(HH.) and four
possible pathways to the kinetic scheme in Figure 14, and, with
the initial condition [H{=0)] = 1, solve for [R.(t)]. After fitting
the rise of the P population to a monoexponential, a time
constant of~ 370 fs is retrieved, which is 90% longer than
rise of the P population determined if [B{0)] = 1. Experi-
mentally (at 85 K) upon excitation of H the fluorescence of P
has a rise time of 260 fs, or 50% longer than the rise of P
fluorescence after excitation of B.By fitting the decay of H
in the kinetic scheme H~ B to a monoexponential, a decay
time of 256 fs at 77 K is obtained. However, recent experiments
using fluorescence upconversion at 85 K yield H to B energy
transfer times of 88160 fs2° Although our results are in general
accord with these experimental findings, we do not predict the
correct relative rates for H to B and B to PRb. sphaeroides
Our calculated H to B energy transfer times are two times longer
han the experimental values, which causes the corresponding
difference in the calculated and measured rise times oT Ral
calculations suggest that the source of error isVig, in
particular Vg, rather thanl, which cannot be varied much.
Hence, the electronic coupling matrix may need adjustment from
the values calculated in ref 27, we will not attempt to do so

D. Temperature Dependence of B to P EETAccording to

the method of the previous sections, the calculated EET times
are used as inputs into a kinetic model for comparison with
experiments. By fitting the decay of B, the extracted decay times
are 164 fs at 298 K, 169 fs at 200 K, 173 fs at 77 K, and 176
fs at 15 K, and are shown in Figure 15 by the dashed line with
circles. By assuming thaki)~* is 50 fs, we obtained rise times
for P_, which represent EET from B to P, of 193 fs at 298 K,

agreement with experiment, can only be obtained using our 195 fs at 200 K, 196 fs at 77 K, and 197 fs at 15 K. These

generalized Feter theory which incorporates a proper calcula-
tion of V.

C.Hto P EET, 77 K. In a one-step energy transfer pathway
from H to P, where B merely acts as a bridge to allow electronic

results are depicted in Figure 15 by the solid line and both sets
of calculated times, although somewhat longer, compare well
with experiments. The rise times of the Populations are more
insensitive to temperature because they are a functidi,of

mixing with both H and P, (e.g., superexchange) the calculated which is assumed to be temperature independent.

rate of direct H to P EET obtained from fitting the decay of H
in the kinetic scheme H~ P is 8.06 ps at 77 K. Hence, this
calculation clearly suggests, as expectet,that B is a real
intermediate in the energy transfer from H to P.

In our calculations, we assume that protein contraction at low-
temperature reduces the separation betwegeand Ry, which
correspondingly increaseg(P.-Pv) as the temperature de-
creases. Despite this change of the electronic coupling within
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the special pair as a function of temperature, the electronic explain thex~ 20% slower rise time of the population of fh

coupling between effective donors and accepidys do not
change as a function of temperatététherefore, the temperature
dependence of EET originates fralgr. One would expect that
the unusual behavior of the_Rabsorption band as a function
of temperature-the peak is blue shifted from 894 nm at 15 K

Rps.viridis at room temperature. The remainder of the discrep-

ancy between the experiments and our calculation results for

Rps.viridis may arise from the pairwise electronic couplings.
F. Mutant Reaction Centers from Rb. sphaeroidesTable

5 shows a comparison of our calculated results with the

to 870 nm at 298 Kto have dramatic consequences on the experimental data for the two RC mutants (beta and heterodimer)
temperature dependence of EET. This is not the case becausenat we have investigated. The adequate agreement between the
the EET rate from B to P is dominated by the spectral overlap experiments and our EET calculations on various mutant

between the B DOS and the upper exciton state P

E. Rps.viridis. The location of the upper exciton state of the
special pair inRps.viridis is also the subject of many debates.
In our calculation, the two excitonic absorption bands (10 K)
assigned to the special pair Bps.viridis: 990 nm for R and
850 nm for B, have been resolved using linear dichroism by
Breton and co-worker&44 and later the assignments of the
bands were corroborated by Schulten and co-workeksroom
temperature, an analysis of the absorption spectrurRps.
viridis by Michel and co-workers concludes that les at 964
nm whereas Plies near 811 nr#% Previous theoretical analysis
of the absorption and CD spectra®ps.viridis at 77 K assigns
the majority of B- to 811 nm, in addition to sandwiching the
exciton states B (at 838 nm) and B (at 830 nm) between P
(811 nm) and P (964 nm)!° which is in disagreement with
linear dichroism measuremertsThus, we agree with the
conclusion of Schulten and co-workérghat any successful
exciton model for the RRps. viridis must attribute a large
fraction of the intensity at 850 nm to,Prather than to the
accessory BChltransitions.

For theRps.viridis RC at 298 K, the calculated EET times

reaction centers suggests that our generalized versioirsiigro
theory should be applicable to a variety of aggregate sys-
tems?4.106

To compare our calculations with the fluorescence rise and
decay of P in the beta mutant measured by Boxer and
co-workerd® we use the same method employed in section C
for H to P EET, i.e. fL or Hy) — B — Py — P_ *sptH-
with the four calculated EET rates from H (6} to B, the four
calculated EET rates from B to P, and the experiméhiiats) 1
= 3.3 ps at 77 K. When the initial state f, the rise of the
calculated kinetics of Pis best fit with a monoexponential rise
of 250 fs. However, when the initial state issHhe calculated
kinetics of P are best fit to a rise of 480 fs. Fluorescence up-
conversion measurements at 85 K report rise times_-obP
239+ 35 fs for . to P, 300 fs+ 11fs for Hy to P, and 162+
25 fs for B to P13 Thus, our calculated results have modest
agreement with the experimental finding of somewhat slower
EET along the M branch of the beta mutant than on the L
branch.

In the heterodimer, the calculated EET time at 77 K from
Bm to D is 278 fs and from Bto D is 710 fs. Our result agrees

from the results section were used to simulate the populationwith experimental findings at 85 K, which measure the

kinetics of B and P. The B population decays with a single-
exponential time constant of 215 fs, whereas the8pulation
rises with a 239 fs time constant (after assumikg{* = 50
fs). By fitting the decay of the population of H, a time constant
of 175 fs is obtained. The only report on EET Rps.viridis

RC at 298 K we found in the literature gives a Bleach that
appears withire90 fs after excitation of B, and withirz170

fs after excitation of H8 Although the trends in the calculated
H decay time and Prise time agree with the experimental

biexponential rise of the fluorescence from D to be 784 fs
(amplitude 1.15) and 139 fs (amplitude 1.0) when excited at
795 nm (B), and 873 fs (amplitude 0.53) and 99 fs (amplitude
1.0) when excited at 807 nm (B.1”

In the beta mutant, the pigment that is mutated fromtéd
bacteriochlorophyll 5., has highly localized excitations, and
we scaled the coupling to it by the amount dictated by the dipole
approximation. The change in the couplings produced by this
mutation does not have significant influence on the dynamics.

results, the agreement between our results and the experimentafhe important consequence of replacing a BRkigh a BChl,

EET times is inferior to that for ouRb. sphaeroidesalculations.
The decay in the population of B Rps.ziridis is also predicted

in the H_ binding is a change of spectral overlap originating

from the site energy differences. The spectral overlap between

to be fai_rly temperature indeper!dent: at 200 K it is 208 fs, at the 8. DOS and the B DOS is increased over the wild-type
100K itis 199 fs, and at 10 K it is 192 fs. Vos et al. measured value by 60%; and in turn, the calculated overall H to B transfer

the EET time from B to R at 298 K to bex~ 90 fs and at 10
K to be~ 80 fs16 However, inRpsviridis, the calculated rise

times are approximately 2.5 times slower than the experimental

time at 77 K is 140 fs faster in the beta mutant than in the
wild-type.

The situation in the heterodimer is quite different than in the

values. Again, refer to Table 5 for a comparison between time peta mutant because the pigment that is mutatgdioPH, is
constants extracted from fitting the population kinetics with our part of the strongly coupled special pair acceptor. As in the
calculated EET times and the experimental population dynamics special pair of the wild-type, the dipole approximation fails at

in the RC.

To understand the error in the calculated EET timeRfs.
viridis we compare and contrast them with Rb. sphaeroides
results The experimental Prise times are approximately twice
as fast inRps.viridis than inRb. sphaeroidesThe arrangement
of the cofactors is very similar in both specfe®1%however,
at both 298 and 10 K, the energy difference between the P
absorption band and the B fluorescencezig00 cnt! greater
in Rps.viridis than inRb. sphaeroidesAs a consequence, the
spectral overlap (at 10 K) between the B DOS and th®PS
is ~ 50% less inRps.viridis than in Rb. sphaeroidesEven
though the B to P pathway has a much smaller contribution
to the overall rate, the reduced spectral overlap withcBn

the pairwise level, an¥p, —p,, must be modified to match the

CD and absorption spectra. If the electronic couplings between

the mutated pigment and all others are merely reduced by the

amount expected from the dipole approximation, i.e., 12%, the
calculated EET times do not match the experimental results.
Because the pairwise electronic couplings have not been
calculated for the heterodimer mutant, we follow the suggestion
of Hammes et aPf% which corresponds to a 50% reduction in

the electronic coupling within D. We infer that this reduction

extends to the coupling betweem[@nd the other pigments of

the RC. It is not surprising that the couplings tg Deed to be

halved since the specific interactions with the Mg of the
coordinating His ligand can affect the transition densities, site
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energies, and oscillator strengths in a manner not obvious fromcharge separation from B could more effectively compete with

the dipole approximation. This reduction of the coupling may
also be attributed to reorientation of the pigments or the mixing

EET in the heterodimer.
In this work we have assumed that the line shapes (band-

of charge transfer states, but we cannot specify the origin of widths and vibronic progressions) for the Bnd P: transitions

this reduced coupling at present.

To understand the physical origin of the biexponential rate
from B to D in the heterodiméef, one must first look at the
electronic couplings in the wild-type (refer to Table 2). Because
of the orientation factor between transition dipole moments of
Pv and By, the coupling on the M side of the special pair is
largest with the L side donor pigments, e\(Py—B.) = —104
cm?, butV(Py—Bwy) = —16 cnml. By replacing BChj with a
BPhe in the Ry binding site (R to Du), we reduce the coupling
between the R and all pigments by 50%, which results in
V(Dy—BL) = —52 cnt! andV(Dy—By) = —8 cn L. Recall
that in the wild-type the EET time from Bto P is major
contribution in the overall B to P rate. Thus, the reduction of
the coupling between {p and the L side pigments affects the

are identical, and find that with this assumption we can
reproduce the experimental absorption and circular dichroism
spectra satisfactorily. Our approach limits the number of
adjustable parameters and is consistent with the spectral line
shapes used by Won and Friesner at 5 K. However, we note
that linear dichroism data has revealed different line widths for
the two special pair exciton states. In this regard, a calculation
of the linear dichroism spectrum to extract the trydiRe shape
could prove to be useful. Even so, we do not expect a narrower
line shape for R to alter the spectral overlap enough to change
our understanding of EET in the RC. This change should be
even smaller than the small affect that the Stokes shift of B has
on the EET dynamics as discussed previously.

We have not explicitly estimated the errors in our calculations

fastest pathway. Hence, based on the electronic coupling factorspecause of the large number of parameters that derive from
the EET time will be slower along the L branch but resemble various sources. Our calculations capture the essential physical
the wild-type along the M branch. This is evident in the four picture of how energy is transferred in the RC, but we do not
possible EET pathways from B to D by looking |8/ %Jsa(€) expect perfect quantitative agreement between the calculated
as shown in the lower panel of Figure 13. When a sum over and experimental values. The largest source of error most likely
two acceptor D states is taken, e.gu/B. + Bw/Dy, SO as to originates from the pairwise electronic couplings. As previously
model the EET time along each branch, the integrated area ofmentioned, the electronic couplings between the pigments are
Bw/D is 3.5 times larger than the area of/B at 298 K and assumed to be identical in both RC spedids. sphaeroides
2.6 times larger at 77 K. andRps.viridis. Also, the couplings used in the EET calculation
Therefore, our calculations suggest that the electronic energy©f all the RC species are calculated from Res.viridis crystal
transfer from B to D in the heterodimer proceeds via a different SIructure using the dipole approximation. The transition moment
pathway than in the wild-type. Despite the greater spectral Ofiéntations as revealed by crystallographic studies are very

overlap between either\Bor B. and Dy (see upper panel of similar for Rps.viridis andRb. sphaeroide3'%+1%although it
Figure 13), the electronic coupling is largest betwegned is possible that the oscillator strength of Bginl Rps.viridis19°

DL. Summation over thiVsq|2Jsa(€) (lower panel of Figure 13) might bg different t_han BCllglllir) Rb. S_phaeroidggll,llz our
of the two donor states, e.g.yBy + BL/Dy, to determine calculation of EET inRps.viridis predicts two times slower
the average B to D EET times reveals that of the fgde EET rates than the experimental values. This observation is

IVsal2Jsa(€) values, the integrated area of B/Bs 65% larger consistent with the_ values_@fmn in Tat_)I_e_Z and suggests that
than that of B/y. The significant area in the region of 900 nm the true electronic interactions Rps.viridis may be underes-

in the [Vsa|2Jsa(e) is specific to the heterodimer. Contrary to timated. _ _ o
the wild-type pathway in which most of the energy flows to In the present study, the electronic coupling between sites is

P, here energy flows to the exciton state having the largest obtained by interacting transition dipoles associated with
composition of B, i.e., the lowest energy state. molecular centers of the donors and acceptors (Figure 3b of

the accompanying paper), rather then assuming that transition
dipoles are associated with donor and acceptor supermolecules
(Figure 3c of the accompanying paper). However, to improve
In this section we describe possible limitations to our energy OUr estimates of the pairwise electronic couplings (aside from
transfer model and specify some assumptions employed inPL—Pw) from the distributed transition dipoles used here, we
calculating the EET dynamics in the RC. It has been suggestedc@uld undertake transition density cube (TDC) calculations. An
by several authors that a configuration interaction between advantage of suc_h calc_ulat|ons is that dielectric screening eff_ects
locally excited (e.g., B*P and BP*) and charge transfer (e.g., could be determined _smultant_aous!y. Howgve_r, by perf_ormlng
B*P~ and B'P*) states is of possible significance in mediating "€ Present study using the dipeleipole pairwise couplings
this coupling®”197.108f such terms were significant, one would W€ have been able to ascertain that this is a reasonable
approximatiorprovided that we correctly calculatesy and the
associated spectralw@rlaps This is an important conclusion

VI. Model Limitations and Assumptions

have to go beyond our model for the pairwise couplings in order

to include those contributions which depend on orbital overlap. - . L
This should be a small correction and would not affect our Pecause the available structural information is not always

conclusions. If the charge transfer states are low-lying at the d€tailed enough to justify the undertaking of large quantum
ground-state equilibrium reaction coordinate, then explicit chemical calculatlpns to determmeT accurate electronic couplings
inclusion of charge transfer states in the model may reveal P&tween each pair of molecules in the aggregate.

different types of dynamics. For example, it has been suggested i

that after excitation of B or H, direct charge separatiohBP, VII. Concluding Remarks

P*H_, or B*H_) occurs in the wild-type RC fromRb.
sphaeroidesat 77 K% and at 15 K!® Van Brederode et al

In this work, we have attempted to answer the following
guestions concerning energy transfer in the bacterial reaction
postulated that the formation of B, , which must occur i center. (1) Are the dynamics promoted by a weak-coupling or
200 fs, competes with EET from B to.¥° Due to the large strong-coupling mechanism? (2) Is the mechanism of energy
difference in rates between the wild-type and heterodimer, transfer from H to P qualitatively different from B to P because
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