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The rate of energy transfer from B800 to B850 in the peripheral light harvesting complex LH2 is modeled
in detail. A method for determining ensemble average energy transfer rates in complex, coupled
multichromophoric systems is reported and is employed to investigate the interplay of elquimron
coupling (fast fluctuations of the protein) and site energy disorder (slow fluctuations) on the spectral overlap
between donor and acceptor, and therefore the energy transfer rate. A series of model calculaibns for
sphaeroidess reported. The disorder is found to have a marked influence on the calculated rate of energy
transfer and is responsible for a faster energy transfer time than would occur in its absence and furthermore
accounts for the weak temperature dependence observed in experiment. The excitonic nature of the acceptor
(albeit dynamically localized) also has impact in terms of how B850 functions as an energy acceptor. These
conclusions are further elucidated by calculationRp$. acidophil&800—B850 and a series of reconstituted
complexes containing a systematically blue-shifted B800 absorption band. The role of dielectric effects is
considered. It is reported that interaction of the B800 and B850 transition densities with the carotenoids has
an effect on the B806B850 electronic couplings.

I. Introduction

Recently, structures of the peripheral antenna (LH2) pig-
ment-protein complex for two species of purple nonsulfur
photosynthetic bacteria have been resoéd hese data reveal
that the structure is comprised of units consisting of two
transmembrane polypeptides &éndj) and associated pigments,
arranged in a highly symmetric ring moti€§{ symmetry in
Rhodopseudomonas acidophgrains 10050 and 7050). The
antenna consists of two rings of BCalpigments, B800 and
B850, and at least one carotenoid, which makes close contac
with chromophores from each of these rings, Figure 1. A similar
picture of the peripheral antenna is derived from electron
microscopy studies of other specifesThis detailed structural
information has motivated intensive study into the relationship

between the arrangement of chromophores and the mechanisnfrigure 1. Structure of the LH2 antenna compléXs. acidophilastrain
of light harvesting-3° 10050) showing the ring of nine B800 BChls, the 18 B850 BChls, and

. . . the nine rhodopin glucoside carotenoids.
Light absorbed by the B800 ring is transferred rapidly to

the B850 ring on a time scale of 800 fsRps. acidophilaand perspective has been the development of the three-pulse echo
650 fs inRb. sphaeroideat room temperature, increasing to peak shift (3PEPS) techniq@&;5* along with the associated
just 1.2 ps at 77 K for bothRps. acidophilaand Rb. theory29.30.5556Thjs experiment enables determination of line

sphaeroided!1846-47 Ferster theory, however, provides an shape functions (electrerphonon coupling) in complex baths,
unsatisfactory estimate of this time scale, and in particular, fails the inhomogeneous width of the site energy distribution, as well
to elucidate the reasons for the remarkable insensitivity to as the energy transfer time scale(s) in a single experiment. This
temperaturé’ #4850 Progress toward construction of a fully information is particularly salient because, owing to the disparate
realistic description of the light harvesting processes has beentime scales characteristic of protein fluctuations, long time
hampered by lack of knowledge of electronic couplings, disorder (inhomogeneity) in the electronic transition frequencies
electron-phonon coupling, and site energy distributions in of antenna pigments underlies any ensemble-average measure-
antenna complexes. The high-resolution structure of LH2 from ment. This disorder, in turn, plays a crucial role in dynamic
Rps. acidophilandRs. molischianugrcombined with advances — processes.

in nonlinear spectroscopy and electronic structure calculations In the present report, we address the basis of energy transfer
allow us to bring together all the relevant data for the LH2 from the B80O0 ring to the B850 ring in the LH2 complex. We
system, and to examine quantitatively the dynamics of light- ask the following questions: How can we think about the B850
harvesting. Of particular importance from an experimental ring as an energy acceptor? What is the role of disorder,
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particularly since this characteristic of pigmemtrotein com- aget—s7

plexes is fundamentally different to many synthetic light-

harvesting systems? We describe a method for incorporating & Po(dd|r,)P,(@ar,)

these important details, that is, multichromophoric donor and/ Vo' = —fdrl dr, ( 1—

or acceptors and static energetic disorder, into’esteéo-type 4reg, [ry— 15y singles

energy transfer model. In other words, weak coupling between

donor and acceptor is assumed, but no such approximation need do;bfdcbd'd' o do;le:aa_»a’d) ®3)

be made for couplings withing the donor or acceptor aggregate.
In essence, we describe here a more careful, and more h h he singl il ition densi
illuminating, way of employing Fister theory to calculate rates  Where theP(KL|ry) are the single particle transition densi-

i0c36,37,65 i
of energy transfer in complex systems. In this way, we are able t|es3d fodr gon%r andhfsllcceptor motl)?CllJleS' HO.MOd orbltalsh
to learn quantitatively about theechanisnof light harvesting are denoted d and a, while .LUMO. orbitals are primed. In suc

by combining theory and experiment. a description of EET, consideration of the different electron

We begin by describing our strategy for calculating each correlation effects in ground and excited states is crGéiaften

constituent of the electronic energy transfer (EET) problem and a C_I-s(ijngles WeLve function_proyidesfa %OOd desqription of the
how we propose to bring these ingredients together, along with €XCIteéd state, but overestimation of the transition moments
experimental input, to calculate ensemble average denor results unless Cl-doub[es contributions are mc]uded in the
acceptor spectral overlaps and energy transfer rates. We therground state wave functidii.Thus, we admit explicitly to eq 3
report detailed calculations of B88®850 energy transfer account of double substitutions from the Hartré®ck reference
dynamics inRb. sphaeroidefom which we draw our primary deter_mlnar!ts to the gfo!”.‘d state plonor and acceptor wave
conclusions regarding the mechanism of EET, and especiallyfu,ncuons via the QI coefﬂuent;, indicated. |I’1.thIS sense, eq.
the role of disorder. We also examine the impact of the 3 is a generalization of eq 15 in ref 67, to which the reader is
carotenoids that bridge the B86B850 rings. Finally, the scope referred for a more detailed discussion. In section IIA of that
: ’ 67 i i i
of this investigation is extended in section IX, where we report \gorkk |tdwas foupd that t.he scallng factlor derlv;ed fLom the”
calculations ofRps. acidophilastrain 10050 wild-type as well racketed terms in eq 3 is approximately 0.65 for the sma

as reconstituted complexes that contain various different BChl model dimer examined therei_n. We conclude that the signifi-
and Chl molecules in the B80O binding sites. This allows us to cance of the Cl-doubles contributions of the type suggested by

delineate further the significance of the B850 band stucture eq 3 are the main reason that the scaling factor needed to be

insofar as its role as acceptor density of states in the spectralitroduced in the “transition density cube” (TDC) method based
overlap is concerned. on CIS transition densitieX.

TheVshorttcontribution to eq 2 encompasses those interactions
Il. Mechanism of Energy Transfer that are promoted by orbital overlap. Historically one associates
such a mechanism with the Dexter exchange inteé§rél;
however, it has been suggested by several authdrsthat
configuration interaction between locally excited (D*A, DA¥)
and charge transfer (A~, D~A™) configurations is of con-
siderable importance in mediating this coupling. Indeed, there
is strong evidence to suggest that the overwhelming contribution
to vshot arises from orbital penetration terms that can be
interpreted as successive virtual one-electron transfers between

factors,V, that control the mechanism, may be separated from 4, ang acceptor, mediated by the interchromophore ionic
the nuclear factors that impart information concerning the configurationg4 77

temperature dependence, isotope, and energy conservation We have determined the B88@850 electronic couplings

effects. These nuclear factors are contained in thestEo . .

iral a0 intearal — (° de f This leads t using the TDC method, eq 3, as reported previo@slye note
;pe%lr a fover ?F;.'n efgr t,h_ / Ot € fDI(EGI);A(?. '3 ea SD?[ @ that, because of the relatively large separations between the
exible formu'ation for the rate o w, from donor U 10 B800 and B850 chromophores, these couplings could also be
acceptor A in terms of area-normalized fluorescence and j. .4 to a reasonable approximation by the dipole ap-

The theory of Fester®”*8inspired by concentration quenching
studies in solution, predicts rates of EET based on the overlap
of donor emission and acceptor absorption spectra. This work
has been of widespread interest and application; being cited
approximately 200 times per year over the past 10 years. Lin
later examined this EET process in the context of radiationless
transition theor§® and showed that the electronic coupling

absorption line shape§;(€) andaa(€) respectively, Qroximation,VCOU' ~ V&4 = (4rreo) Yiinwtia — 3(inR)(ia"
2T o oo R)J/R8, with R = |r; — rp|. However, in the present work, we
W= flvl f; de fp(€) as(e) 1) are particularly interested in elucidating the nature of the B850

acceptor, and hence we need to know details of the couplings
When significant contributions to the excited electronic states Within the B850 ring. These couplings must be determined with
of donor and/or acceptor that are indicative of double excitations care because of the close interactions between these molecules
from a Hartree-Fock reference determinant in the molecular (9 A center-to-center separations and an overlapping pyrrole
orbital configuration interaction model can be neglected (i.e., fing with a face-to-face separation of 3.5 A). Both Coulombic
excluding energy transfer involving the polyene or carotenoid @nd overlap dependent contributions should be considered.
21A4 stat€®-62), the electronic coupling that promotes singlet Calculations of these couplings using a scheme based on ab

S|ng|et EET together with d|e|ectr|c Screening effecB” initio Cl-SIng|eS/6-3lG* wave functions were reported by the
assumes the form given in e84 present authors recenfl§. To test the integrity of these
couplings, we have simulated the absorption and circular
V= (VU + oD 2) dichroism spectra for the B850 ring using these results. We find
that the essential features, Figure 2, compare well with experi-
whereVcoul is the Coulombic interaction between the B*D ment!41519.20Since these spectra are highly sensitive to the

and A— A* electronic transition densitie®;%6which in order magnitude of the electronic couplings, we conclude that our
to obviate errors arising from the dipole approximation we write electronic couplings are reasonably accurate. Note, however,
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Figure 2. Absorption and CD spectra calculated for the B850 band of
Rb. sphaeroideat 77 K using the parameters described in the text.
Peak positions and the CD zero crossing are indicated.

] ] ] ) Figure 3. lllustration of the protein environment surrounding the
that in comparison with the experimental data for the B800- B800-B850 repeat unit. The protein-helices are highlighted as

deficient mutant reported by Koolhaas et¥lhe negative peak  ribbons.

of the calculated CD signal in the upper exciton region (ca.

780 nm) is too intense relative to the main feature. We return A case for examining further the possible dielectric screening
to this point in section VII. The absorption spectrum was of the coupling owing to interaction with this environment can
calculated using eq 10, described below. The CD spectrum wasbe established by considering thér&er equatioft’->*wherein
calculated using an analogous equation, but replacing thethe coupling is assumed to be modulated by a fabter n—2,
transition dipole strength (i.6uq|?) with the rotational strength  wheren = ¢,2is the refractive index of the medium at optical

for each exciton levet. with excitation energy, and corre- frequencies. Typically it is assumed that the refractive index of
sponding wavelength, (see, e.g., ref 78) determined using eq a protein isn &~ 1.5, such that the rate of EET is attenuated by
4, a factor ofn™* ~ 0.2 relative to that in vacuo! This result is
obtained if one assumes the dipole approximatiorMahat D
R(e,) :izRij'mmi x /7”05 (4) and _A are well separated _in a nondis_persive, isotro_pic host
medium, and that local field corrections are negligitfle.

] X . e . !
* Consideration of these approximations and inspection of the

whereR;; is the center-to-center separation vector of molecules complex environment about D and A in Figure 3 leads one to

i andj, which have transition moment vectgisandg;. The guestion whetheD = n2 is a particularly good assumption.

line shapes and disorder used here are those described in sectioResolution of this matter is especially vital considering that

V. can have such a substantive impact on the calculated rate of
EET. We note that in some previous studies of energy transfer

1. Dielectric Screening Effects between rigidly constrained naphthalene and anthracene chro-

The factorD in eq 2 denotes the dielectric screening effects m(_)phosrles, held at a separation of 12 A by a norbornalogue
due to the medium in which donor and acceptor are embedded .bridge’™ and a series of similar bisnaphthalene molecéles
Typical BChl separations between B800 and B850:at8 A, significant modulation of the electronic couplings as a function
and the protein environment constitutes a complex dielectric Of solvent could be detected. If = n~2 then variations in the
medium with something of the order of 60 amino acid residues bisnaphthalene exciton splittings (of about 5%) between
comprising the intervening and/ apoprotein helice® as well hexane and acetonitrile solvents should have been observable.
as a proximate carotenoid. We consider the effect of the To avoid the first two approximations listed above, one can
carotenoid in section VII. This environment is depicted in Figure incorporate screening effects directly into the TDC calculation
3. via eq 5%°
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71 /
\/Coul — e fdr o dr Ree, 7(r,E) Po(dd|r,) Po(@ar,) B800 ] B850 ]
= 10 14z _ —
4‘7-560 |r + 51 I’2| (5) w = 2;:< st Bp= < [- - .. } >
- - - rings
where the longitudinal dielectric constant can be approximated
aseL"Y(r,E) = ¢ (E) o(r) and the electron correlation terms - Solve eigenvalue problem
have been omitted for clarity. This equation accounts for the - Include intramolecular vibrations

“volume” in the dielectric medium occupied by D and A, and - Electron-phonon coupling

hence their transition densities, but ignores local field effects.
Craig and Thirunamachandran reported a microscopic theory

2 —
based on the molecular quantum electrodynamics framework |V“=N'F’ w{“%ﬁ(s)” ;a :.N

for the influence of the medium on the rate of EET, including | w = 2% fde p= il —

each possible interaction from D to A via the medium h ST =2
explicitly.83 This is reminiscent of a superexchange formal#ém, Ve[ Jempe) ==l rings

and analogously the rate of EI.ET may be either |_ncreased OrFigure 4. Schematic depiction of the model for calculating B800
decreased at close-BA separations. However, owing to the B850 energy transfer described in section IV. Static disorder is

substantial excitation energy difference between BChl and aminointroduced to the B850 BChl excitation energies in the site representa-
acid residues, we conclude that this microscopic mechanism istion. The eigenvalue problem for each B850 ring is then solved prior
not very significant in the present case. Recently, Juzeliunasto the introduction of electronphonon coupling and intramolecular
and Andrews have reported a detailed many-body descriptionVibratio_”a' information. 880988_50 energy transfer rates are deter-
of EET based on the QED formali€fne” (explicitly based on mined in the exciton representation. Ensemble averaging is undertaken
the dipole approximation). By considering the energy transfer over many LH2 rings.

to be mediated by bath polaritons (medium-dressed photons)
this theory accounts for the modification of the bare coupling

tensor by screenlng.effects. .Of the medium as vyell as Ipcal field the angular brackets denote ensemble average over the slow
effects. Note that this modification of the coupling is different, - N
path variables. Then we furthermore note that thesten

in essence, from the refractive index dependence of real photon . . .
. o : spectral overlap is also an ensemble average quantity, and in
absorption or emission processes. They obtain the result

generald(e) = M°"(e)-al°"(€) = HC™(e) ERM"(€)L A simple
analytical equation for such a separation of homogeneous and
inhomogeneous line broadening contributions to thesteo
spectral overlap integral can be derived for the case of a simple
donor-acceptor pair, as has been described by Jean and co-
workers? However, as we shall show in section VI, when the
energy acceptor (and/or donor) is intrinsically multichro-
mophoric, the effect of disorder is nonintuitive and such an
approach fails.

The spectral inhomogeneity of antenna pigments in LH2

To model energy transfer in the LH2 complex, indeed, in and implications for light harvesting have been considered
pigment-protein complexes in general, we invoke a separation previously!199-103 These studies, however, are based on the
of time scales of the (protein) bath fluctuations such that Pauli master equation, that is, a Markovian random walk among
those motions that induce line-broadening on a more rapid time the heterogeneous distribution of localized excitations. This is
scale than that for EET (often referred to as the “homogeneous” qualitatively different from the procedure we describe in the
line-broadening) contribute directly to the calculation of the present work. To accommodate the strong coupling among the
spectral overlap part of the'Eter equation. On the other hand, B850 chromophores, we have devised the scheme summarized
the fluctuations that are slow compared to the time scale of in Figure 4 and described in detail below. We employ a weak
EET are seen as static disorder (“inhomogeneous” line-broaden-coupling (Faster; Fermi Golden Rule) rate expression for the
ing) and are accounted for by ensemble averaging. It is the BBOO—B850 energy transfer. However, to account for the
interplay of these two line-broadening mechanisms (time strongly coupled B850 chromophores and to elucidate the
scales) that characterize spectroscopy in pigmpritein impications of this coupling- for example, the role of the upper
complexed;13:3053.8897 and as we find in the present work is  exciton band of the B850 absorptienwe need to be careful
largely responsible for making natural light-harvesting antennae to implement the theory correctly, particularly because of the
unique in their function, since such an environment is not effects of disorder. The way that we go about this is to ensemble
characteristic of synthetic antenna systems.We can think aboutaverage over many LH2 rings using a Monte Carlo procedure.
the way that each of these limits of line broadening phenomenaFor each ring we add site disorder to the 18 B850 BChls then
affects the energy transfer rate in a simple deremceptor solve the eigenvalue problem to obtain the B850 exciton states
systems as follows. The fast fluctuations broaden homoge- (labeleda in Figure 4). We then calculate the electronic coupling
neously the donor emission and acceptor absorption spectra obetween B800 and each exciton state and determine each energy
each member of the ensemble. Looking inside the ensembletransfer rate. It is easily shown that when the coupling between
average, static disorder affects the spectral overlap by shifting the acceptor molecules is small relative to the electiamonon
each donor emission and acceptor absorption maximum with coupling (and we neglect disorder and assume a dipdilgole
respect to each other. This looks indistinguishable from the coupling mechanism) the expression reduces to thest&o
homogeneous line broadening in an ensemble average absorptioequation.
or emission spectrum but leads to a distribution of energy In the present study, we use the line shape functj@ih
transfer rates for the ensemble of donacceptor pairs. We  defined in terms of the correlation function for the fluctuating

‘can summarize this by noting that the donor emission spectrum
is written [H°"(¢)[] the acceptor absorption &&°"(¢)[] where

D=¢ 'l(¢ +2)3F (6)

for large D—A separations (i.e., several molecular diameters).
Assumingn ~ 1.5 for a membrane protein, then from this
equation we estimat® ~ 0.9, in other words the rate of EET
is attenuated by a factor of approximately 0.8 relative to vacuum.

IV. Ensemble Average Rate of Energy Transfer


http://pubs.acs.org/action/showImage?doi=10.1021/jp993435l&iName=master.img-003.png&w=233&h=156

1858 J. Phys. Chem. B, Vol. 104, No. 8, 2000 Scholes and Fleming

contribution to the electronic energy gi3;1%M(t) = [de;(0) delocalized eigenstate in terms of the transition moments on
Oei(t)Ide’l) as described elsewhet®e!® This provides the  each molecule that comprises the aggregate (i.e., each bacte-
“homogeneous” contribution to the line-shape that is important riochlorophyll in the B850 ring).

for (i) providing the primary contribution to the spectral overlap The area-normalized B800 donor fluorescence line shape for
and (ii) dynamic localization of the excitation in the B850 the donor D is defined by

acceptor absorptio?f:196 Accurate account of intramolecular

vibrations coupled to electronic transitions is important because f_(¢) = DNMDFZ P(k)Refw dtk|k(t) Cexpli(e — € +

of the minimal four-level model required to treat the energy 0

transfer pr_oblem Thu_s VIIZ_)I’OII:]IC tran_s@ons are cru_0|al for energy )th] exp[—g*(1)] re 9)
conservation, especially in “downhill” energy migration. The

energetic disorder represents fluctuations that are slow comparedvhere it is assumed that vibrational relaxation and thermalization
to the time scale for energy transfer and contributes an offset have occurred prior to emission (and therefore prior to energy
to the mean electronic energy gap of each BChl molecule, i.e., transfer).1 is the reorganization energy associated with the
(in the site representatiory such thak; = €y + d;. The offset Stokes shift. The situation where a time-dependent Stokes shift
frequencies are assumed to have a Gaussian distribution withof the donor emission occurs on a time scale comparable to
standard deviation, i.e.,P(d;) = exp(—6i2/20?)/(ov/27). With that for energy transfer has been addressed previously by
this in mind, we introduce here the concept of an ensemble Mukamel and Rupaso\?® We also assume here that excitation

average spectral overlap and EET hopping time. is localized on a single BChl chromophore in the B800 (donor)
The ensemble average spectral overlap is written as ring, which is reasonable given the small B&@B00 coupling

of 30 cnT. However, by making this assumption, we neglect

Je) = DZN a°™e) N, f °"(e) D @) any effects of spectral diffusion within the inhomogeneously

broadened B800 barfd1-25 118113\, js a normalization constant
such that I = /3 def®(e), where the superscript “hom”
specifies the line shape in the absence of disorder; in other
words, eq 9 could be writtefp(e) = [INf|/1D|2fB°m(e)|33. up is

the donor transition momenk, labels the vibrational modes,
Z—Dﬁ) dGZIVDA(OL)IZN a’Me) N F ()T (8) and[K|k(t)Crepresents the time-dependent overlap of the initial
vibration k with its evolution in the excited electronic state, as
described in detail elsewhek# 118 which is a time-domain

and the ensemble average rate of energy transfer from D to A
is given by

whereVpa(a) is the electronic coupling between the donor and representation of the Eraneicondon factorséX is the elec-
eigenstate of the acceptor, antl; andN; are area-normaliza- tropnic ener ap of the donor molecule ade'll)Jsted for thermal
tion factors relating to the donor emission and acceptor gy gap » adl

hom population of modek in the excited electronic state. It
absorption density of states (DOS) line shaﬁ%@“ anda, contributes with Boltzmann weightind®(k). The angular

%rackets denote an ensemble average over the static disorder in
the site energies. In practice, this is achieved by a Monte Carlo
procedure as described by Fidder et'dl.

The B850 acceptor, A, absorption spectrum is defined by the
ensemble average of the sum over eigenstates

density of states responsible for energy conservation via their
overlap and are therefore independent of the “allowedness” of
the transitions. The information dealing with the weighted
contribution of eachJ, is accounted for in the electronic
coupling factors by virtue of the explicit separation of electronic
and nuclear factors in eq 1. For instance, if a transition is dipole o
forbidden, therv/cou will?:)e very small since it would contaiE an(e) = DZNalﬂa|ZZP(|) Rej; I} () Cexpli(e — €, -
only higher multipole contributions. The same is of course true ¢
of triplet—triplet energy transfef? Thus, solely a largd, is A)UA] exp[—g(v)]é/n (10)
not enough to guarrantee a significant contribution to the energy
transfer rate because eadhis associated with an electronic
coupling factorV,|2. Hence, in the present work it turns out to
be more revealing to consider the origin of the BS&B50
spectral overlap in terms of B800 emission and the B850
absorption band density of states weighted by the associate
electronic coupling factor:y 4| Vq|2Ju(€). This has also been
recognized in the work of Surf7.108

The acceptor (B850) eigenstates are given in terms of the
monomer wave functiongm asWy = > m@m(0)y¥m by solving
them x meigenvalue problem for the acceptor aggregate, with
energetic disorder in the site energigs The coupling is thus In the present work, we report calculations modeling energy
written in terms of the eigenvector coefficienisn(a) and transfer within the peripheral light harvesting complex LH2,
electronic couplings which are given in a site representation, focusing on the purple nonsulfur bacteriuRhodobacter
Vba(M): Voa(a) = S mem(0)Vba(m). Recently Sumi and co-  sphaeroides We have attempted to use the most realistic
workerg97:108have shown independently that when the excited parameters possible; therefore, all were obtained by modeling
states of the donor and/or acceptor are excitonic, and if donorsexperiment or from sophisticated quantum chemical calculations
and acceptors are closely separated, then it can be important tde.g., we never employ the dipole approximation or phemono-
calculate donoracceptor interactions in a monomer basis, as logical line shape models). None of the paramers are adjusted.
we have done in the present work. This is, in a sense, anWe label the BChh bound to thex transmembrane-helix as
extension of the monopole approximation; expressing the a and that bound to thg a-helix asf. We associate these
reduced information contained in the transition moment of a BChls with site energie&, = 12 600 cn? (794 nm) andEg

wherel denotes the vibrational modes of the ground stais,

the number of acceptor molecules in the aggregate (18 in the
present case), and the area normalization is given Ny %/

[o deain(e) for eigenstatax. Once again, we can writa(¢)

a0 QaNawaF °M(€)&/n. Notice that the indexx, specifying

the eigenstate, is implicit in botN, anda, Om(e) It is assumed

that bath fluctuations at each site are uncorrelated and have the
same spectral density, as suggested by other wotker320-122

V. Summary of Input Parameters
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= 12 070 cnT! (828 nm) by modeling the 77 K absorption
and circular dichroism (CD) spectra. The electronic couplings [ B800 emission
have been determined using ab initio quantum chemical
methods based on the X-ray crystal structure dat®twddo- f
pseudomonas acidophitdrain 10050,2and are reported in refs ] i
36 and 37. The electronic couplings within the B850 ring are 1 \
Vo—p—intrapolypeptide= 320 cnrd, Vo—p—interpolypeptide= 255 cnrd, 1 I
Voo = —48 cml, and Vg4 = —37 cnrl. The principal
assumption that we have made for Rie. sphaeroidesalcula-
tions is that the electronic couplings and transition moment
orientations in this bacterium are the same as those for
Rhodopseudomonas acidophgt&rain 10050. We have ascer-
tained that this assumption is reasonable by calculating the
absorption and CD spectra for the B850 band (Figure 2) and
finding a satisfactory correspondence to these data for the B80O
deficient mutants reported by Koolhaas et%dnd the calcula-
tions reported by those worket. '
B800—B850 couplings are those reported in ref 37. The B800 | 759 8(',0 850 750 860 séo 900
donor is assumed to be monomeric, absorbing at 800 nm, with Wavelength, nm Wavelength, nm
a Stokes shift of 130 cnt. Transition moment_ dlrec_tlons _and Figure 5. A detailed depiction of quantities calculated for a single
molecular centers were taken from tRgs. acidophilastrain LH2 ring to illustrate the model shown in Figure 4 and described in
10050 crystal structure dat&.We assume that the LH2 rings  the text.
are circular, as suggested by the X-ray structure data, although

a recent single molecule study indicates the possibility that some N Figure 6, the results of calculations of B800 emission
rings could be elliptical?® The line shape functions were spectra, B850 absorption spectra, and spectral overlaps for B800

determined from analysis of three pulse stimulated echo peakdonor-B850 acceptor (at 100 K) are shown. These have been

shift (3PEPS) daf89and are defined by the electronic energy calculated using eqgs 9, 10, and 7, respectively. We have chosen
gap correlation functioM(t) = 11 exp[—(t/r)3 + A2 expt/ to report the 100 K calculations because the results illustrate
) with A1 = 32 cnm, 7, = 40 fs, A, = 21 cnt?, andr, = 15 most clearly the effect of disorder (because the “homogeneous”

psi24Here; andr; are the coupling strengths and time scales N width is narrower than at 300 K). However, the 300 K

characteristic of the bath. Intramolecular vibrational frequencies c@lculations reveal the same features. \We compare the case

and dimensionless displacements were taken from the literatureVnere coupling between the B850 BChls is ignored (parts a
and implemented into our line-shape functions using the time- @nd b of Figure 6) and that with coupling in the B850 ring (parts
dependent formalism of Lee and Helléf~118 We used, for c and d of Figure 6). Note that the B850 BChl site energies are

both B80O and B850 BChls (frequency, chdimensionless art@fic.ially. red-shifted to obtain the spectra with no cpupling.
displacement): (110; 0.0), (166; 0.14), (194; 0.2), (342; 0.14), This is simply to try to compare the “with” and *without”
(564, 0.2), (650; 0.14), (750; 0.3), and (920; 0.3) as used by coupling calculations on equal _footlng._Absorpuon spectra of
Pullerits et af® which were derived from previous woP&125 B850 calculated for 20K a_nd with no disorder are also sI_10wn
Each calculation employed 1000 to 2000 iterations over the site fOr Poth no electronic coupling between the B850 BChls (Figure
energy disorder (ifE,, Ej, andEsgog), which was taken to have ~ 6a) and coupled B850 BChis (Figure 6c), which show the
a Gaussian distribution with a standard deviatiorsof 160 positions of the vibronic bands (cf. 6a) and the upper exciton
cmt for E, andE, ando = 93 cnt? for Eaggo determined band_at _approx!mately 777 nm (6¢) which is ewdent when
from analysis of 3PEPS dat& qoupllng is considered. Notice also that the B850 main absorp-
tion band is narrower when the BChls are coupled (Figure 6c)
compared to the uncoupled case (Figure 6a). This is character-
istic of exchange narrowin” That is, coupling delocalizes
the excitation over many molecules in an aggregate, which in
It is evident from the single molecule fluorescence excitation turn causes the excitation to average over the local inhomoge-
spectra reported by van Oijen et'a}.that site inhomogeneity  neities of these sites. This leads to a reduction of the inhomo-
makes the B850 absorption band of each LH2 ring look quite geneous width of the absorption line.
distinct. To account for effects such as this inhomogeneous The spectral overlapi{¢) for each case are shown in parts b
distribution of acceptor states, we have employed the schemeand d of Figure 6. The dashedotted line in Figure 6b
shown in Figure 4 and described above. This procedure isillustrates a calculation af(¢) for the situation where the B850
illustrated further in Figure 5, which displays the result of our BChls are uncoupled and disorder is ignored; this is considered
calculations for just one LH2 ring. For this ring; Bter theory ~ to be the “normal” Fester overlap calculation (cf. eq 1). It is
would dictate that the overlap integral be determined by the compared to the corresponding ensemble average calculation
B800 emission and B850 absorption. We have described above(i.e., by adding account of the disorder), clearly showing the
the reasons that this is not so when the donor and/or acceptorifferences. The overlap integrals, = [ de J(¢), were
is multichromophoric, and in fact we therefore derive a spectral calculated to bd = 1.19 x 10~4cm (no disorder, no couplings
overlap, summed over all acceptor eigenstajesl,(¢) from in the B850 ring) andJ= 3.03 x 10~4cm (ensemble average
the B850 density of states. We then find the rate of energy over site energy disorder, no couplings in the B850 ring). The
transfer in this individual LH2 complex to be determined by marked difference ird(¢) when the couplings between B850
the coupling-weighted spectral overlapy|Vy|%Ju(€). We repeat BChls are considered is seen in Figure 6d. The ensemble average
this procedure 10062000 times to ensemble average over many spectral overlap here is determined tollig= 2.83 x 10~4cm
LH2 rings. (ensemble average over site energy disorder, couplings in the
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VI. Ensemble Averaging and B806-B850 Energy
Transfer Dynamics
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Figure 6. Results of the calculations fétb. sphaeroidesH2 at 100 K. The two upper panels are the results of calculations based on a Hamiltonian
which contains zero couplings between the B850 BChls, and with the BChl site energies red-shifted so that the absorption band is centered at 857
nm. (a) B800, donor, emission spectrum (dashed line) and B850, acceptor, absorption spectrum (broad solid line). The narrow solid line is the B850
absorption calculated at 20 Without disorder (b) The solid line is the corresponding ensemble average spectral overlap. The-tawtted line

is the spectral overlap with no disorder (i.e., this is thér§ter” result). The two lower panels are the results of calculations based on the Hamiltonian
described in the text which contains couplings between the B850 BChls. (c) Analogous to (a). The position of the upper exciton band is indicated.
(d) Analogous to (b).

B850 ring), which again is approximately twice that calculated disorder in the B80O transition energy), which in turn enhances
in the absence of disordet,= 1.49 x 104 cm (no disorder, the J(e) and 5 |V4|3Ja(€) at around 800 nm compared to that
couplings in the B850 ring). Hence, we see here that the disorderin the 850 nm region. As an aside, it has not escaped our
of the site energies (of both B850 and B800 BChls) has a crucial attention that the aborption spectra of the B850 rings in Figure
influence on the B800 to B850 energy transfer rate via the 8a looks very similar to some of the “unusual” single molecule

spectral overlap. LH2 fluorescence excitation spectra reported by van Oijen et
The primary conclusion we draw from these investigations al-'*> We return to this point is section IX.
is that thespectral aerlap is an ensemble@rage quantity The disorder-induced broadening of the density of acceptor

and has a profound effect on the energy transfer time when states in the B850 band is depicted in Figure 9, where we
disorder contributes to the absorption/emission line shapes. Thecompare the ensemble average B850 density of states with that
effect of varying the magnitude of the disorder is shown in calculated in the absence of disorder. It is evident that the “hole”
Figure 7. Furthermore, we emphasize thatlj{e) for eigenstate in the density of states at about 800 nm is filled in by the
o of B850 is weighted by the electronic coupling between B800 disorder, thus increasing the spectral overlap with B800. We
ando. This weighted spectral overlap is plotted in Figure 7c. also show in Figure 9 the B850 density of states calculated for
With all other quantities being equal, increasing the disorder the case of no couplings between the BChls in the B850 ring
increases the energy transfer rate through its influence on the(as in parts a and b of Figure 6). Comparison of parts a and ¢
spectral overlap integral. As suggested in Figure 5, this is of Figure 9 shows immediately why the spectral overlaps
promoted by increasing the B850 oscillator strength in the upper calculated “with” and “without” couplings, parts b and ¢ of
exciton region (ca. 780 nm) of the spectrum (particularly around Figure 6, respectively, have such different shapes. Hence, a key
800 nm), thus increasing tt#e) under the B80O emission. The  role played by the electronic couplings in the B850 ring is to
way that this works can be understood by looking at contribu- increase spectral coverage of the B850 energy acceptor density
tions to the ensemble average, for example the “single molecule” of states. Comparing parts a and c of Figure 9 suggests that the
spectra shown in Figure 8 (all calculated for 100 K). These are couplings act to spread the significant density of states from
three random contributions to the ensemble average B850830-870 nm to 766-870 nm. It would be very difficult to
absorption spectrum and the corresponding BEBBE0 coupling-  achieve this with disorder only.

weighted spectral overlap. It is evident that disorder in the B850  The results of our calculations of the ensemble average
site energies tends to shift the B850 density of states to give spectral overlap integrals, as well as energy transfer times for
better overlap with the B800 band (and the same holds for these different model cases are summarized in Table 1 (for both
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Figure 7. (a) The B850 absorption spectrum, (b) B&MB50 spectral
overlap, and (c) the coupling-weighted spectral overlap calculated at
100 K for different amounts of disorder in the B850 BChl site energies.
That for the B800 chromophore was fixedat= 93 cnt™.

T =100 and 300 K). We can now compare the changes in rate
of B800 to B850 energy transfer with changes in spectral overlap
integral, with and without coupling within the B850 BChls. The
Forster equation, eq 1, naturally suggests that if the electronic
coupling between donor and acceptdr,is constant, then the
rate of energy transfer must vary proportionally to the spectral
overlap integralJ (i.e., w/w, = Ji/J, if Vi = V). This is
confirmed by comparing (for the uncoupled B850 acceptor ring)
the ratio of rates with and without disorder (columns A and B
in Table 1),w(B)/w(A) with the corresponding ratio of spectral
overlap integrals,J(B)/J(A); w(B)/w(A) = 2.53 versus)(B)/

J(A) = 2.55 for our calculations at 100 K.

We can highlight the influence of taking proper account of
electronic couplings within the B850 acceptor ring for the case
where there is no disordew(C)Mw(A) = 0.682 versus)(C)/
J(A) = 1.25 at 100 K. Here, a significant deviation from the
expectation of the Hster equation is evident. When disorder
is included in the calculation, we obtaimE)/w(B) = 0.882
versusJ(E)/J(B) = 0.934 for 100 K. Now we notice that the
ratios are more similar than they are in the absence of disorder
This is simply because the effect of disorder is to enhance
localization of the excitation, thus making the B850 acceptor
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Figure 8. Three “single molecule” calculation®b. sphaeroides 00
K) taken at random from the ensemble average. (a) The B850 “single
molecule” absorption spectra and (b) the B8@&B50 coupling-

weighted spectral overlaps. Note the marked effect that disorder has
on both these quantities.
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Figure 9. Calculated B850 band density of stat&b( sphaeroides
100 K) for (a) ensemble average with disorder, but no couplings
between the B850 BChls; (b) no disorder, but with couplings in the
B850 ring; (c) ensemble average with disorder, and with couplings in
the B850 ring. The disorder evidently “fills in” the gap in the acceptor
density of states in the 800 nm region. The couplings lead to a broad
spectrum of acceptor states.

more “monomer-like™1:22:26,31,38,128132 |n Figure 10, we plot
both the rate of EET and the spectral overlap integral versus
temperature, thus showing clearly the different temperature
dependences off and J which arise owing to the excitonic

Structure of the acceptor transitions.

Considering these results, we conclude that the B850 ring is
a fairly complex energy acceptor. To model the B8&B50
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TABLE 1: Results of the B800—B850 Energy Transfer No disorder
Calculations for LH22
calculation A B C D 2 F 12x10°¢ -+ 400 K
B850 couplings? no no yes  yes yes  yes ] (a)
o,cmrte 0 160 0 80 160 240
100 K
J, umd 1.19 3.03 1.49 2.13 2.83 3.59
w, pste 0.220 0.557 0.150 0.316 0.491 0.656
7, ps 4.55 1.80 6.68 3.17 2.04 1.53
300 K
J, um 3.31 2.90 2.61 3.69 ——
w, ps?t 0.609 0.534 0.426 0.673
7, pS 1.64 1.87 2.35 1.48 750 800 850 900

Wavelength, nm
2 Calculations folRb. sphaeroide® Column E relates to experiment.
¢The standard deviation of the site energy disorder refers to B850.

When this is nonzero, the B800 disorder is always 93 ‘ctunless

Disorder

-6
oggso = 0, thenoegeo = 0). ¢ Spectral overlap integrals= [gde J(e), 12x10° 7 b
cf. eq 7. The units are more familiar as#0< cm= 1 um. ¢ Energy ( )
transfer rate, eq 8 Energy transfer timer, = 1/w. These energy transfer NE 8x10-6 ]
times have not been scaled according to the dielectric screening of the 3] 1
protein, which would increase them (i.e., slow the rate) by ap- = 1
proximately 25%. %", 4x10° -
8 8 1
O 4
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Figure 11. Temperature dependences of the B88850 spectral
overlaps for (a) no disorder and (b) with disorder. It is clearly seen
that the effect of disorder is to temper the temperature dependence.
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Figure 10. Calculated temperature dependences of both the EET rate,
w, and the spectral overlap, for B8O0—-B850 energy transfer (a) with

no disorder, solid lines, and (b) with disorder, daslot lines. Note
that the simple relationship betweanandJ that is suggested by the
Forster equation does not hold.
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energy transfer, we needed to include every B850 BChl
chromophore in the simulation; however, previous work has
suggested that the excitation is localized on the time scale of Figure 12. Comparison of the temperature dependence of the B800
the energy transfer transition to approximately three chromo- B850 energy transfer time for calculations (i) with no disorder; (ii)
phores!1.22,26,31,38,128132 Thjs js not an oxymoronic statement With disorder, but with no account of the carotenoids; and (i) the
but shows that the electronic wave function is sensitive to the €XPerimental results foRb. sphaeroides
structure of the aggregate, but the spectroscopic properties, ) ) )
which relate to the density matrix, are localized relative to the transfer time, via the ensemble average spectral overlap. This
bare electronic states by electrgphonon coupling and disorder. 1S illustrated in Figure 12, where the corresponding energy
The reasoning behind this is suggested by the work of Sauer et'.trf?msfer.tlmes are plo'gted asa func'Flon of temperature. Evidently
al.1 where it is shown that the full B850 ring must form the itis the influence of disorder thatdlctz?\tes the weak temperature
basis for calculation of the absorption or CD spectra. This is dependence of the energy transfer time.
simply because we need the full structural basis set in order to The calculated B806B850 energy transfer times, though
calculate the electronic wave functions. We attribute the significantly closer than previous estimates to those measured
temperature dependence of the EET rate, particularly in the experimentally;11848-47 are still too slow by a factor of about
absence of disorder, principally to changes in the delocalization two both at 300 K and 77 K. (Note also that dielectric screening,
length of the B850 acceptor band. eq 6, has not yet been included in these results.) We address
In Figure 11, we compare the temperature dependendfe)of =~ one reason for this in the following section, then describe the
for the case of (a) no disorder with that (b) where we have limitations of our model in section VIII. In section IX, we report
included disorder (i.e., the ensemble average calculation). It is calculations orRps. acidophilaand a series of reconstituted
seen clearly that it is the disorder that is responsible for the complexes, which suggest that we could have obtained close
weak temperature dependence of the B800 to B850 energyagreement with the actual energy transfer rates, in addition to
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the temperature dependence, Rib. sphaeroidedy making the transition densities of both the B800 and B850 BChls are

small adjustments to the B850 site energies. significantly perturbed by interaction with the carotenoid. The
transition density is both shifted and tilted with respect to that
VIl. Role of the Carotenoids of an unperturbed BCH, for example as shown in Figure 13.

It has been postulated previously that the discrepancy betweenThe origin of this interaction is unknown, but presumably the

measured and calculated B80O to B850 energy transfer timesCOUIombiC coupling between BChl and carotenoid is important.
could be in part resolved by accounting for superexchange- If this were so, then the analysis described above, which is based
mediated coupling via the carotenoit#$® In other words, the Z?S ev?/olull d"gtﬂ;; g s:| ?]izggzt%;eeztt; ynt?heell?;glg? é%r&;goe q
through-space electronic couplings from B800 to B850 may be _ . . 9 . Lo

augmented by a coupling through ther* system of the EET owing to superexchange-mediated contributions to the
bridging carotenoids. Such superexchange-mediated triplet electronic coupling. In fact, the calculations reported by Krueger

39 X .
triplet energy transfer has been observed previously, for examplegt al: sggge;t ttr?at the BSO{BfStiO gqu!lngs aret |nc.r(;ease(.j
in isotopically doped mixed crystdfs and in bichromo- y over o In the presence ot Ihe bridging carotenold, owing

phoresi®13More recently, there have been reports of singlet to changes in the separations and orientation factors of the

singlet energy transfer rates being increased by through-bondgggg._?%iooft:ﬁgség?gtse'ng dlso::(fl);bt-??t a?] dqgr(?orﬂ?tbantegn
contributions to the coupling%13%136|n particular, the recent Ipti Id polarizabiiity : tbutl

work of Kils& et all3 highlights the expectdd™1% increase to eq 11 is required. However, just as the Cl-singles transition

in EET rate as the electronic energy gap between the donordensitie_s need to be scaled owing to the neglect 9f el_ec_:tron
and the bridge decreases. Superexchange-mediated through‘zorre'atIOn at this level of theory, the BChl-carotenoid mixing
bridge triplet-triplet EET is promoted primarily by charge should also be scaled. Usmg eq A6 and the dipole approximation
transfer resonance interactihihat depend explicitly on orbital for Voprmo, we can determine the gpproxmas"[e esxgallng relation
overlap between donor-bridge and bridge-acceptor). Such aPased on second-order perturbation theoy§/ip ™ ~ (9.7
mechanism contributes also to superexchange-mediated through?4-1 Debye/3710 cm)/(6.13 x 13.0 Debye/5680 cnt). This

bridge singlet-singlet EET, especially for the all-trans polynor- suggests that the CI-_singIes supermolecult_a_calculation overes-
bornane bridge®1% In addition, a contribution from a Cou- timates the perturbation of the BChl transition moments and,

lombic coupling is expecte®;8313particularly when the bridge in turn, the BSO(}BSS_O couplings owing _to overestimation of
has a low-lying and strongly allowed transition that couples to the monomer transition moments (which has already been
the donor and acceptor transitions. We examine these twoa@ccounted for by the scaling procedure used by Krueger’é al.
possibilities here for the B800-carotenoid-B850 coupling. and underestimation of the BChly@ carotenoid $energy
We describe the interactions between the electronic transitions92P-
of the BChl and the carotenoid in the manner suggested by We conclude that the B80tB850 couplings are increased
Robinsont4?see Appendix, where it is shown that the transition by approximately 26:30% via mixing of the BChl and
moment of the BChl may be perturbed by the presence of the carotenoid transition moments. The results of these calculations
carotenoid. Calculations of the excited states of strongly may offer an explanation as to why the CD spectrum in Figure
interacting dimers, moreover, have shown that mixing of the 2 differs from experiment in the region of the upper exciton
CT configurations into the locally excited configurations also transition. Koolhaas et &f.suggested that this could be resolved
perturbs the dimer transition moment when interchromophore by tilting the transition moment of one of the B850 BChls. The
orbital overlap is largé%! (Note that in these strongly coupled  transition density calculations offer a possible origin of this tilt
dimer systems we cannot Siét~ 1.) This has been observed as arising from mixing of the BChl electronic transitions with
experimentally in the enhancement of superradiant radiative ratesthose of the carotenoids.
of model bisnaphthalene molecules which were correlated with  This result suggests another of the several roles played by
enhanced polarizabilities determined using time-resolved mi- the carotenoids in the LH2 complex. Without being directly
crowave conductivity*? Considering all these effects, we obtain involved in the B806-B850 energy transfer process, the
eq 11. carotenoids appear to be capable of enhancing the energy
transfer rate through their involvement as bridging polarizable
TG M A a0 771 media. In light of these quantum chemical results, a further
Hmoi00™ fhmo T Af4—j00 T A4 ;npupo ) calculation of the B8086B850 energy transfer time for a
temperature of 300 K was undertaken using B8B850
where the mixing coefficients. and u have been given couplings 30% larger in order to simulate the effect of the
previously® and ther, are given by Robinson (terms X and ~carotenoid. The results can be compared directly to the 300 K
XI of eq 8 of that papéf9. Approximate expressions are results given in column E of Table 1; all parameters in these
provided in the appendix. calculations are identical except for the magnitudes of the
We have undertaken an analysis of the B8B850 energy B800—-B850 electronic couplings. Thus, the spectral overlaps
transfer time, absorption spectrum and CD spectrum using anare the same. The calculated energy transfer rate is significantly
extended Hamiltonian based on eq A2 (witk= x = 0 andy faster, corresponding to the larger electronic couplings between
given by the leading term in eq A6) that included the nine donor and acceptor.
carotenoids in LH2 and their Coulombic couplings to the B850  In summary, quantum chemical calculations designed to
and B800 BChls (taken from ref 37). However, the results were investigate possible superexchange-mediated coupling between
found to be quite similar to those described in section VI; that B800 and B850 revealed that the transition densities of both
is, the calculated B806B850 energy transfer time was not the B800 and B850 BChls are perturbed by interaction with
significantly increased. the carotenoid. They are tilted and shifted, which could be the
More detailed, ab initio quantum chemical, calculations of physical basis for the postulate of Koolhaas et’ahat the
carotenoid-mediated B86B850 electronic coupling in LH2 discrepancy between calculated and measured CD spectra can
have been reported recentl/These calculations reveal that be resolved by tilting the BChl transition dipole moments. A
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Figure 13. CIS/3-21G* transition densities for the,@ansition of (a) an isolated B800 BChl and (b) a B800 BChl in the presence of the closest
carotenoid. The corresponding Qpole transition moments are shown schematically to highlight the shift of the B800 transition density owing to
mixing with the carotenoid transitions.

consquence of this BChl-carotenoid interaction is that the positions. This would influence the distribution of oscillator
carotenoids appear to be capable of enhancing the energystrength in the B850 eigenstates, and hence the spectral overlap.
transfer rate (by ca. 5070%) through their involvement as
bridging polarizable media. IX. Rps. Acidophilaand Reconstituted Complexes
VIII. Limitations of the Model In this section, we simulate the B868850 energy transfer
_ for the LH2 of Rps. acidophilastrain 10050 as well as for a

We believe that the ensemble average energy transfer modekeries of complexes which have been reconstituted with modified
described in this work contains the principal ingredients required BChls replacing those removed from the B800 sH&s!45 In
to address quantitatively the B868850 energy transfer  these complexes, the absorption band associated with the B80O
dynamics and mechanism. However, we list briefly here several ring is shifted to different spectral regions according to the
|Im|'[at|0nS and omissions that may be addressed n future WOFk. exchanged BChls Recent Work has reported the dependence
(i) We do not know precisely how well we have modeled the f the B0G-B850 energy transfer time on the position of the
B800 emission line shape and emission maximum. (ii) Recent «ggqq» absorption band maximud#é To gain deeper insight
analysis of photon echo data in our laborat8hguggests that i the calculations reported in the present work, and hence
B800-B800 energy transfer occurs on a time scale as fast asy,o mechanism of the BSSBS50 energy transfer, we have
400 fs, implying that spectral diffusion among the B800 sites simulated the energy transfer dynamics in the wild tfes.

can occur on a time scale competitive with BS®8B50 energy acidophilaB800-B850 complex, as well as in four reconstituted

:Langg[)otggé% not cc?[Paslldevrercli n (i)ur mr?difi\l/' ("tl) Iiseern}sttiCat complexes in which the B800 band lies at 765, 753, 694, and
€ Spec overiap 1S sensitive to the reative 670 nm (which we refer to as B765, B753, etc.). Presumably,

positions of the upper exciton component of the B850 absorption -
band and the B80O emission band. However, it can be seen in> gopd. test of our energy tra_nsfer quel Is to be able to make
: ! predictions for different species, strains, mutants, etc.

Figure 6c that the upper exciton region overlaps very little with i ] ]
the B80O emission, which could be very species-dependent (e.g., 10 Simulate theRps. acidophileB850 band we use the same
comparison oRps. acidophild800—-B850 with B80G-B820). parameters as described aboveRr. sphaeroidesexcept for

We have investigated this, and the results are reported in sectiorfhe BChl site energies. We set thesdeo= 12 460 cmi* (803

IX. (iv) Although we have used experimentally determined line nm) andgs = 12 070 cm* (828 nm) in order to reproduce the
shape functions, we have employed a quite simple model for absorption and CD spectra. Typical single complex absorption
relating site spectral densities to the eigenstates. More detailedspectra are shown in Figure 14 and are seen to compare well
models introduce a great deal of complexity into the calcula- with the fluorescence excitation spectra reported by van Oijen
tions120 We have also assumed that the spectral density is et al'2®> We furthermore note that we could reproduce these
temperature independent. (v) We have not considered thesingle-molecule spectra without having to distort the structure
possibility of disorder in the transition moment directions and of the LH2 ring (such as introducing elliptici§?), nor are we
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Rps. acidophila B850 single complex bands (50 K)
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Figure 16. Calculated B850 Qand Q density of states (DOS) for
Rps. acidophilavhich highlights the broad spectral window achieved
by the arrangement of the B850 pigments in the LH2 complex. To put
this in perspective, the absorption spectrum of the reconstiffed

Figure 14. Five “single molecule” calculations of absorption spectra
(Rps. acidophila50 K) taken at random from the ensemble average.

000025 acidophilaB670-B850 LH2 complex (recorded at 77 K) is shown
(dashed line). This spectrum shows the carotenoid (rhodopin glucoside)
0.00020 - S, — S absorption in the spectral window to the blue side of the B850
Q« and the 656-710 nm region, where there are no electric dipole
“E 0.00015 - allowed absorption bands.
[&] —
= 5 B850 and B676-B850 energy transfer times are much slower
= 000010 4 2 than experiment suggests; (jii) while the “B800”-type donor has
5 appreciable overlap with the B850 density of states, which spans
0.00005 1 720—-870 nm, the “B800”-B850 energy transfer time is rapid
y and is sensitive (i.e., can be tuned by a factor of 2 in magnitude)
0.00000 ‘ — to the exact location of the donor emission spectrum (see also
700 750 800 850 900 the spectral overlaps in Figure 15).
Wavelength, nm To understand these observations it is useful to examine the
Figure 15. Spectral overlaps calculated for the wild typs. calculated density of states for the B850 band. We show this in
acidophilaand two of the reconstituted complexes (77 K). Figure 16, together with the absorption spectrum, for both the
TABLE 2: Results of the B800-B850 Energy Transfer Qand the Q !3850 bands. Couplings betwe(_arg QC_hIs were
Calculations for LH2 and Reconstituted Complexes calculated using the TDC method as described in ref 37. We
o disorder disorder found the intrapolypetide dimer coupling to be 117 ¢nand
the interpolypeptide dimer coupling to be 108 ¢mNext-to-
LH2 J, um 7, ps J, um 7, ps exptPz, ps nearest neighbor couplings are 7 ¢nfo—a) and 3 cm? (68—
77K B). We have then generated the B85Q<pectrum by shifting
B800 2.33 2.23 4.36 0.96 both E, andEg by 4340 cm? to the blue. This is comparable
B765  3.60 127 540 0.76 to the Q—Q, energy difference for BChl in solution of 3740
Eggi égg 1?:2 ggg 1%‘_20 cm‘l._147 The BChl Q transi'gion. moments are all aligned,
B670 0.06 63.9 0.08 49.6 pointing from the cytoplasmic side of the membrane to the
300 K pe_r|plas_m|c side (i.e., away from the BSOQ ring). Owing to _thls
BSOO 516 076  4.92 0.91 0.9 orientation of the BChls, the Qring oscillator strength is
B765 4.01 1.06 5.39 0.75 1.4 concentrated in the middle of the density of states, rather than
B753 1.89 2.17 3.04 1.34 1.8 near the red edge as it is for thg RQand. Figure 16 reveals a
B694 0.22 16.9 0.27 13.8 4.4 particularly interesting picture of the energy funnel in LH2. The
B670 0.06 62.3 0.009 43.7 8.3 carotenoid $— S transition lies at 550 nm, then we have the

a Calculations ofRps. acidophilastrain 10050 and reconstituted  Qyx B850 density of states, then spanning the “hole” between
complexes (see text).From ref 130 These energy transfer times have  this region and the B800/B850 yQegion is the optically
not_ been sca_led according to the diel_ectric screening of the protein, forbidden carotenoid S— S transition.148v149Experiments on
which would increase them by approximately 25%. the B850-only LH2 complex suggest that there is B850
led to suggest that the excitation on a single LH2 ring is absorption in this 656720 nm window, which probably
completely delocalizeé?® accounts for the B670B850 and B694-B850 energy transfer

The ensemble average spectral overlaps calculated for thregrates. This contribution to the spectral overlap, presumably
of the Rps. acidophilacomplexes are shown in Figure 15 the arising from various intensity borrowing effeé¢f8, 153 was not
other two (B694 and B670) are not shown because they are socaccounted for in our model. A final observation concerning the
small. In Table 2, we summarize the results of these calculationsspectral funnel in LH2, is the somewhat striking observation
for both 77 and 300 K. Note that here it is assumed that eachthat the only real “hole” in the B850 density of states lies at
of the substituted chlorophylls has the same transition moment800 nm (see also Figure 9); does this suggest another reason
magnitude and orientation, and therefore coupling to the B850 for having the B800 ring?

BChls, as the wild-type B800s. We see from the results collected We conclude that investigation of the “B800"-B850 energy
in Table 2 that (i) the calculated energy transfer times for B800 transfer time as a function of “B800"-B850 energy é&&g*°
B850 and B753-B850 correspond closely to the experimental or for example of position of the B850 band which may be
values reported by Herek et af$ (ii) the calculated B694 shifted by site-directed mutagene$ig>* provides many im-
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portant insights into the energy transfer dynamics in LH2. How- transfer times reported in Tables 1 and 2 also reinforce the
ever, owing to the broad and complex density of states of the quantitative success of this model. In conclusion, we needed to
B850 band, which in turn determines the B8850 spectral include in our model detailed structural parameters, account of
overlap, such studies, although systematic in conception, needall the chromophores in the complex, accurate electronic
careful analysis if quantitative information is to be obtained. couplings, electronphonon couplings, disorder, and vibronic
. information. The B806-B850 spectral overlap and energy
X. Concluding Remarks transfer rates had to be calculated as ensemble average quantities
Progress toward construction of a fully realistic description owing to the disorder in the BChl site energies. The picture of
of the light harvesting processes has been hampered in the pastH2 that emerges is of a complex system whose function cannot
by inaccurate knowledge of electronic couplings, electron pe readily predicted by examining its components individually.
phonon coupling, and site energy distributions in antenna |nstead, the true behavior emerges only after the whole system
complexes. Recently, this information has become available, js included in the model. The interplay of electronic coupling
and we have been able to incorporate it into a detailed model and disorder allows construction of a robust system based on
for determining the ensemble average rate of energy transfer.only two chemical species as chromophores to harvest radiation
Thus, we have been able to distinguish the roles played by line-from most of the visible spectrum with near unit efficiency.
broadening mechanisms that are due to fast fluctuations of thesych a principle is likely to be a general aspect of photosynthetic
bath (electror-phonon coupling) from those that arise fromthe energy transfer. For example, the mechanism and striking
essentia”y static distribution of site energies (disorder). These absence of temperature dependence of the accessory BChl (B)
line-broadening mechanisms both contribute to the ensembletg special pair (P) energy transfer in the purple bacterial reaction
average spectral overlap between donor emission and acceptogenterls5-158 along with the remarkably rapid B to oxidized P
absorption, eq 7, as shown in Figure 6. The disorder has aenergy transféf®very likely can be explained by a combination

significant effect on the calculated spectral overlap and energy of electronic coupling over distances smaller than molecular
transfer time, and our calculations have found it to influence sjzes and its interplay with disorder.

profoundly the way we must model the B800 to B850 energy
transfer dynamics (Table 1). Furthermore, the disorder is directly ~ Acknowledgment. This work was supported by the National
responsible for the moderate temperature dependence of theScience Foundation and the Department of Energy. We wish
B800—-B850 energy transfer rate (Figure 12). By examining to acknowledge |. R. Gould and B. P. Krueger for their
“single molecule” calculations from within the ensemble average contributions to Figure 13. R. J. Cogdell and J. L. Herek are
(Figure 5), the mechanism by which disorder broadens the B850thanked for discussions and communication of their unpublished
density of states (Figure 9) was elucidated. This spectral work, and we gratefully acknowledge their generous provision
broadening of the density of acceptor states, in turn, affects theof the B670-B850 absorption spectrum shown in Figure 16.
B800—B850 spectral overlap to a signifcant extent.

The theory, eq 8, can extrapolate smoothly between the Appendix
extreme limits of localized acceptor through to delocalized
acceptor states. It was found in the present study that the Iine-fo
broadening mechanisms act in concert to define the “nature”
of the B850 acceptor state, which is quasilocalized. Thus, the

electronic scattering in the B850 bapd pIay; a rqle i.n' promoting nian for each of the donor and acceptor (denoted M) is written
the energy transfer_ from B800 by increasing S|gn|f_|car_1tly the_ asH = Hy + Hp + H' where the bridge (or “perturber’) is
spectral cross section of the energy acceptor, as highlighted Napeled P, andd’ is the interaction term which includes

Figures 9 and 10 and the associated discussion. This point WaS~ o lombic interactions, spinorbit terms, and charge transfer

explored further in the calculations of tHeps. acidophila . . . h ibility of sianifi |
B800—B850 LH2 and reconstituted complexes; see section IX. E)céj[rvzl : g: flt%uera't\l/lon;ng.el:.; tv\,z\,gos%ﬁ':ét'gni) S'argr:g:mfgl\llg\:vﬁ]pg

Thes‘? calculations of.the 88%.3850 energy tra_lnsfer Umes | iarcourt et af we write our molecule perturber pair ground

were in close accord ywth trends in various experimental resqlts, and excited-state wave functions as

and the complex relationship between these energy transfer times

and the precise overlap of the B800 emission band with the 00 .0 .0

B850 density of states was revealed. In Figure 16, we depicted D= ¢y dp (A1)

the large spectral window for the B850 energy acceptor, m _ m ,0 + - S 0

including both the @ and Q bands. It appears that the = N(dw ¢p + Apy dp + ey dp + Z"qu'\" ot )

combination of fairly strongly coupled BChls together with the P (A2)

circular arrangement of the B850 BChls is advantageous to these

organisms. The result is two broad spectral windows through where®™P denotes staten of the molecule and stae of the

which the B850 band can trap excitation directly and indirectly perturber, thel, u, andn are mixing coefficients described in

throughout an expanded spectral cross section. the appendix, andll is the normalization constant that ensures
It was reported that interaction of the B800 and B850 [@™|®™[= 1 (N ~ 1 for weak perturbations).

transition densities with the carotenoids has an effect on the The orbital overlap-mediated superexchange interactions are

B800—B850 electronic couplings (increasing them by ap- thus promoted by interactions that, in a perturbation representa-

proximately up to 30%), which in turn, leads to a faster tion, would look like D*PA— D~P*A — DP*A — DPtA~ —

calculated energy transfer time. This result suggests an indirectDPA*, etc8” We have reported some molecular orbital calcula-

role played by the carotenoids in light-harvesting in LH2; tions recently that suggest these type of interactions are

through their involvement as bridging polarizable media. particularly significant between the carotenoid and the B850
In summary, we believe that the calculations reported in this BChls in LH251

work capture the essential details and principles of the light Owing to the intensity of the S— S carotenoid transition

harvesting mechanism in LH2. The calculations of the energy and its energetic proximity to the BChh@ansition, it is likely

A general framework for describing superexchange coupling
r energy transfer has been reported previo@5ly.is based

on generating effective donor and acceptor wave functions that
include mixing with bridge configurations. Thus, the Hamilto-
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that Coulombic interactions play an important role, for example

as described by Robinséff who considered the intensity

enhancement of electronic transitions by a proximate “perturber”
molecule. It can be shown that the perturbations which we are R.

interested in do not significantly affect the energy of th&®
— ®Ptransition. However, the electronic transition density can
be significantly perturbed, which in turn perturbs the matrix

element for energy transfer from D to A. This is signaled by a

perturbation of the dipole transition moment for tmd ~— 00
transition of the MP pair, eq 13.

Fino:00 ™ [@™)€F| %0 (A3)

Monomer transition moments are indicated by superscripts
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