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Charge Resonance Effects on Electronic Absorption Line Shapes: Application to the
Heterodimer Absorption of Bacterial Photosynthetic Reaction Centers
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The electronic absorption spectrum of the homodimeric special pair in bacterial photosynthetic reaction centers
is greatly modified when one of the bacteriochlorophylls is replaced by a bacteriopheophytin to form a
heterodimer. The absorption exhibits further unusual changes when hydrogen bonds from the protein to
conjugated carbonyl groups are added or removed. In order to explain these absorption features, we postulate
a charge resonance interaction between the lowest energy exciton state of the special pair and an intradimer
charge transfer state. A general theory is developed that is closely related to the formalism of Fano’s treatment
for atomic absorption line shapes associated with autoionization (Faihyd. Re 1961124, 1866). Three

different charge resonance limits are discussed, which depend on the relative magnitudes of the electronic
coupling between the exciton state and charge transfer state and the vibronic bandwidth of the charge transfer
state. In the intermediate charge resonance limit, two broad bands are predicted, and this corresponds closely
to the unusual absorption line shape observed for the heterodimer. Furthermore, the systematic variations in
the absorption line shapes for four different heterodimer/hydrogen bond mutants can be satisfactorily explained
by shifting the relative energies of the exciton and charge transfer states. This leads to the conclusion that
the BChi'BPhe intraheterodimer charge transfer state is primarily responsible for the charge resonance
interaction, providing information on the absolute energy of this functionally-relevant state and the electronic
coupling. This treatment is generally applicable to absorption line shapes in related systems and can be used
to provide a unified treatment of the absorption spectra of a large variety of available perturbed homo- and

heterodimers.

Introduction Leu M160

The initial electron transfer reaction in bacterial photosyn-
thesis occurs from the singlet excited state of a strongly
interacting pair of bacteriochlorophylls (BChls) called the special 4
pair or P12 Because dimeric electron donors appear to be a BPhe I e
common feature of many photosynthetic reaction centers (RCs),
it has long been suspected that some feature of the excited state " ome, 007
electronic structure of this dimer is important for efficient charge § .
separation. In particular, there has been much discussion of M side l L side
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the role of charge transfer (CT) states of the difér.In the
simplest one-electron picture, degenerate intradimer charge en, Mr= SN,

transfer states, in which an electron is transferred from one "

chromophore to another within the dimer, are expected to be Q [ch

close in energy to locally-excited and exciton states of the dimer. \

In wild-type bacterial RCs, there is good evidence that the two Phe M197 o

monomeric bacteriochlorophylls (BChls) comprising the dimer, k Leu L131

denoted BChland BCh},, are not equivalent due to interactions _. . : .

- . . . Figure 1. Schematic diagram of the heterodimer special paiRin
with the ordered protein environment, which creates a large andgppaeroide¢M)H202L mutant RCs including key amino acid residues
asymmetric local electric fiel#land due to specific hydrogen i the vicinity of the dimer. Replacement of histidine M202 in wild-
bonds from the protein to conjugated carbonyl groups of the type by leucine leads to the formation of the heterodimer where Mg is
monomers comprising P12 In this case the intradimer charge lost from the bacteriochlorophyll on the M-side to form a bacteriopheo-
transfer states BCHIBChly~ and BCh|{~BChly* are not phytin. Histidine L168 is hydrogen bonded to the conjugated acetyl

degenerate; however, their energy ordering and difference arecaPonyl group of the L-side BChI in the heterodimer mutant.

. . . . Conversion of phenylalanine M197 to histidine creates a new hydrogen
nOt.ObVIOus’ and one of them may preferentlally mix W'th bond to the M side chromophot&;'2%7likewise conversion of leucine
exciton states of the dimer depending on their absolute energiesy160 and/or L131 to histidine creates new hydrogen bonds to the

The heterodimer special pair denoted D, which forms when conjugated C-9 keto carbonyl groups of the macrocy®eé3’
the axial histidine M202 coordinated to BGhis changed to
leucine, is an extreme case of an unsymmetric perturb&tin.  cally in vitro,15 it is likely that the BChtBPhe state of the
This mutation leads to the loss of Mg and conversion of RChl heterodimer is lower in energy than the BCBPhe™ state;
to a bacteriopheophytin (BPhe) as shown schematically in Figure however, the energy difference in the RCs and the relevant
1. Because BPhe is substantially easier to reduce electrochemiabsolute energies of these states relative to the exciton states of
D are not known. The absorption spectrum of the heterodimer
€ Abstract published ilAdvance ACS Abstractguly 1, 1997. special pair is strikingly different from the wild-type (WT)
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T T T T T T T T T T energy transition with a polarization close to 8'4Thus the

X | transition moments of the two features are approximately
Wild Type B ] parallel, and the two bands are not the lower and upper exciton
bands of D whose transition moments should be approximately
perpendicular.

No conventional electreaphonon coupling model can ex-
plain the presence of two relatively broad and equally intense
absorption bands for D. Lathrop and Friesner have presented a
theoretical analysis of the heterodimer absorption spectim.
Their treatment considered only the lower energy band (920
nm band), and the relationship between their model and ours
will be discussed further below. In the course of studies of the
] Stark effect spectra of RCs containing heterodimers in which
4 peripheral hydrogen bonds to histidine residues have been added
or removed by preparing mutants at residues L168, M197,
T M160, and L131 (see Figure 1), we noticed that there were
interesting variations in the line shapes and positions of the two
features. In the following we develop a theoretical model which
1 can account for these variations and which can be further used
. to obtain information on the energies of internal charge transfer

0 R T S S S B states of the special pair relative to exciton states which may
10000 11000 12000 13000 14000 be relevant for understanding the charge transfer process. In
subsequent papers this model will be used to provide a unified
Energy (cm™) description of the wild-type special pair and a variety of
Figure 2. Absorption spectra oRb. sphaeroidesvild-type (upper homodimer/hydrogen bond mutant absorption spectra, the Stark
panel) and heterodimer (M)H202L mutant (lower panel) RCs at 77 K. spectra of these mutants, and novel features observed in the

For WT the special pair absorption is labeled P, while for the higher order Stark spectra of RCs associated with other
heterodimer the two broad absorption bands are labeled D. The fynctionally-significant charge transfer states.

accessory monomeric BChl and BPhe absorption bands are labeled B

and H, respectively. The spectra are normalized to unit absorbance at,

the maximum of the B band. Theory

homodimer as shown in Figure 2. At room temperature, the We consider three states: the ground statg the pure
heterodimer absorption is featureless, but at low temperature itmolecular exciton statg;, and one intradimer charge transfer

is seen to consist of two poorly resolved, broad bands of roughly stateycr of the special pair (we do not consider coupling to
equal area centered at 850 and 920“nifihe total area under  other charge transfer states involving the other chromophores
these two bands in heterodimer RCs is comparable to that ofas these are expected to be much weaker than coupling to the
the P band in WT RCs using the area under the B (two intradimer charge transfer st@te The Born-Oppenheimer
monomeric BChis) or H bands (BPhes) in both types of RCs approximation is assumed for all three states. The optical
as internal standards. The lowest electronic absorption of P istransition from the ground state to the exciton state with energy
unusually broad at 77 K~500 cntl) compared with a wo on the order of 10 000 cnt is strongly allowed. In the
monomeric BChl £100-200 cnt). Extensive hole burning  absence of charge displacement, both the ground gtated
studies have revealed that the P band is mostly homogeneouslypure molecular exciton statg, are assumed to have the same
broadened at cryogenic temperatifré€ and a large electren nuclear wavefunctions, and the transition frapg to v, is
phonon coupling has been proposed to account forl¢his. vibronically discrete. On the other hand, the intradimer charge
The origin of the large electrerphonon coupling has not been  transfer state should have a very different nuclear wavefunction
established, but it is not unexpected when excitation of the from yo andwy; as a result of large electreqphonon coupling.
chromophore involves a substantial displacement of charge, e.gycr is assumed to lie energetically in reasonable proximity to
for a transition with substantial charge transfer character. ¥1, thus, we will only consider the charge resonance interaction
Consistent with this, it has been shown by Stark spectroscopybetweenycr and i1 and not that betweepcr and yo. At

that the difference in permanent dipole moment between the infinite separation between the electron donor and acceptor, a
ground and excited statéu, for P is substantially larger than  direct intermolecular (intradimer) CT transition has a vanishing
for a monomeric BCh};? and it is much larger still for both transition probability. As the intermolecular distance between
transitions of the heterodimer special phirTwo additional the donor and acceptor decreases, transition to the CT state gains
observations are important for the heterodimer. First, selective more transition probability as the charge resonance interaction
excitation of the feature at 920 nm at cryogenic temperatures betweenycr andy; increases. Itis assumed that the final state
leads to bleaching of both this feature and that at 850 nm; thus,can always be approximated as a linear combination of both
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these transitions share a common ground Zfatkikewise, the y1 andycr states, and the observed absorption line shape
excitation at 532 nm leads to a bleaching of both the 920 and is a result of transition from the ground to this final state.
850 absorption bands when's formed in proporption to their Becauseycr is vibronically broad with respect tgs, the

ground state absorption. Thus, both transitions are associatedcharge resonance interaction betweemnthandycr states can

with the heterodimer, and these are not localized transitions duebe viewed as a resonance interaction between a vibronically

to the monomeric bacteriochlorophyll and bacteriopheophytin discrete state and a vibronically broad state. Quantum interfer-

comprising the heterodimer (i.e. we treat the heterodimer as aence effects between a discrete state and a broad molecular
supermolecule). Second, selective excitation of the higher dissociation state was discussed by O. K. Rice for the predis-

energy feature at 850 nm leads to an instrument-response-limitedsociation region of molecular spectra. He showed that the

rise in the fluorescence at 970 nm associated with the lower absorption line shape is both broadened and shifted by such an
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interference effec? Fano considered a similar quantum

interference effect for atomic absorption line shapes in the case

of the atomic autoionizatiof? It has been shown that the
formalism of Fano theory also applies when the continuum state
is a vibronic continuun3* As formulated, the present problem

is analogous to the Fano resonance, the difference being that

the ionization continuum in Fano’s treatment is replaced by a
vibronic continuum.

The pure electronic coupling term between the exciton state
w1 andycr is defined as/y. The vibrational overlap function
Go(w) betweeny; and ycr must be included in the charge
resonance interaction. The diagonalization betweenythend
e states is straightforward and follows the Fano treatrdent,
yielding a superposition between andiycr. The absorption
line shape from the ground state to this final state is given as

|Vo|262(w)
[0 — wy — [V/°Gy()]* + 7|V, *Gy(w)?

@)

e(w) =

whereey(w) is the imaginary part of the dielectric function, i.e.,
the absorption coefficient. It is understood that the amplitude
of ex(w) needs to be scaled by a constant for comparison with

experimental absorption spectra because the transition prob-

ability from o to 11 is not included. [Vo|? is the absolute square

of the pure electronic coupling term betwegn and ycr.
[Vo|2G2(w) thus has the dimension of energy becaGsgw) is
normalized “per unit energy” as shown belowVy|2Gy(w)
basically describes the electron transfer rate in conventional
electron transfer theories, as will become evident befow.
Gi(w) is the Hilbert transform oGy(w)

G,(w") do'

Gyw) =P —— @
whereP denotes the Cauchy principal value of the integral.
The vibrational overlap functio®,(w) is of crucial impor-

tance in many electron transfer theor#8<” In many studies
of linear electror-phonon coupling, it is expected to have a
nearly symmetric and broad Gaussian line si#gé.Here we

assume it to have a Gaussian line shape for simplicity,

recognizing that the actual line shape may deviate somewhat

and this will affect a quantitative analysis

W — wer\2
Gz(w)zAiCT m72ex;{—4(TTCT) In

whereAcr is the full width at half-maximum (fwhm) oB,(w),
whose maximum value is aict. It is evident from eq 3 that
Ga(w) has the dimension of “per unit energy'G;(w) can be
calculated numerically from eq 2. It is convenient to use a
reduced energy variablg defined asf = (w — wo)/Act. If
wcT = wo, G2(§) andG;(&) as functions of this reduced energy
variable& are shown in Figure 3. In the following we examine
the absorption line shape in eq 1 as a function of the coupling
strengthVy, the bandwidthAct of Gy(w), and the location of
11 within the vibronic continuum ofpcr. It is further useful
to parameterize the problem in terms of the relative coupling
strengthR = Vo/Act and the relative energy shift = (wo —
wcT)/Act which characterizes the relative location of the
state within the vibronic continuum of thecr state. Vo is
usually a complex quantity; here it is understood as a real
quantity for simplicity.
The problem naturally divides into the following three cases.
Case I. The vibronically discrete statg; is located atcr,
i.e. at the maximum o6,(w), sod = 0. This case corresponds

2] ®3)
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Figure 3. Dependence of the vibrational overlap functi@g&) (—)
and its Hilbert transforn®@i(€) (- - -) on the reduced energy varialde
= (w — wo)/Act (wct = wo in eq 3). They have similar amplitudes.
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Figure 4. Calculated absorption line shapes derived from eq 1 as a
function of the relative coupling strengl= Vo/Acr = 0.13 (curves

A), 0.2 (curves B), 0.5 (curves C), and 1.0 (curves D) for case | (upper
panel) where the vibronically discrete stape is located atwcr, the
maximum ofGx(w), and case Il wherecr is shifted to the lower energy
side ofwo (0 = +0.2, see text). For case lll, whetg:t is shifted to

the higher energy side af, (0 is negative), the absorption line shapes
(not shown) are reversed abaduit= 0 compared with case Il.

to an activationless electron transfer process fromythetate
because the potential surface gy intersects the bottom of
that ofy; state. The bandwidthcr of Gy(w) is directly related

to the reorganization energy in Marcus thed&r§® The upper
panel of Figure 4 shows the effect of varying the relative
coupling strengthR and leads to a further classification of
calculated line shapes.

Weak Charge Resonance Limitf the relative coupling
strengthR is small, for examplé&k = 0.13 (curve A in the upper
panel of Figure 4), the absorption line shape is approximately
a single Lorentzian. Because the electronic couplin much
smaller than the bandwidthcr of Gy(w) and they: state is
located at the peak @x(w), Gi(w) nearly vanishes whil&,(w)
is almost constantf. Figure 3. The absorption spectrum is
approximately Lorentzian as can be seen clearly from eq 1
(because of the nonzero value Gi(w) at w = wcr, the
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absorption line shape in eq 1 is never strictly Lorentzian). The 4). In contrast to curve C in the upper panel, these two bands
line width of this quasi-Lorentzian absorption reflects the are not identical, and their asymmetry is determined solely by
lifetime broadening of the discrete stape “decaying” into the the relative shift termd. The line width of the higher energy
stateycr, equivalent to an excited state electron transfer processband is relatively smaller than that of the lower energy band,
with electron transfer rate|Vo|?Gx(w). As the relative coupling  which also has less absorbance because this band has a larger
strengthR increases to 0.2 (curve B in Figure 4), the line shape contribution from the CT state to which transition from the
remains approximately Lorentzian; however, its absorption peak ground state is forbidden. Conversely, the narrower higher
value decreases and its line width is homogeneously broadenedenergy band has more contribution from thestate, to which
i.e., the electron transfer process speeds up. transition from ground state is allowed. Because the most
Intermediate Charge Resonance LimiAs the relative  significant mixing betweeny: and ycr occurs at the same
coupling strengttR further increases to 0.5, where the coupling nuclear geometry as the ground state and the potential energy
strengthVy is equal to the half-widtiAc1/2 of Gy(w), the single  of theycr state is lower thamy, the lower energy band should
Lorentzian-like band in the weak charge resonance limit is have more contribution frompcr from a simple molecular
replaced by two broad bands (curve C, upper panel in Figure orbital interaction argument. Finally, the broader band at lower
4). These two bands are broad and symmetric with respect toenergy itself has an asymmetric line shape, with the lower
£=0. In this intermediate charge resonance limit, the Born  energy side sharper than the higher energy side. The opposite
Oppenheimer approximation will no longer be valid for the final line shape asymmetry is found for the higher energy band: its
state, and the electron transfer dynamics between the donor andnigher energy side is sharper than its lower energy side.
acceptor are expected to depend strongly on nuclear geometry Strong Charge Resonance LimiEor R = 1.0, twonarrow
changes. In this one-electron resonance picture, only thebands are again observed (curve D, lower panel in Figure 4);
electron from the donor is being considered. The broad line however the peaks are not equivalent, as the lower energy band
width suggests that this electron is neither localized on the donoris relatively broader and less intense with more CT state
nor is it completely delocalized on the dor@cceptor complex, character, while the higher energy band is sharper and more

which would result in a stable final state as shown below. intense. Such line shape asymmetry is only related to the
Strong Charge Resonance LimifAs the relative coupling relative shift termd. Again, the narrow line shape reflects the
strengthR increases further to 1.0 whe¥g is equal to the full ~ fact that the electron-delocalized states are stable.

width Act of Ga(w), the two-band splitting line shape becomes  Case Ill. The vibronically discrete stabg; is located at the
much more evident and the line width of each begins to decreaselow-energy side ofvcr, the maximum of3;(w), i.e.,ycr shifts
(curve D, upper panel in Figure 4). For even largeithese to higher energy compared to case |, @nid negative. In this

two narrow bands are sharper and further apart (not shown), case we expect the opposite behavior to those illustrated in the
which is exactly what one expects from a simple molecular |lower panel of Figure 4 by simply reversing the scale of the
orbital picture of two interacting degenerate states. The electronabscissa about = 0 for the same values & (not shown).

from the donor is expected to be highly_ delocalized over both |, summary, there is a smooth transition of the absorption
statesys andycr, and the narrow line width of the two bands ' |ine shapes among the three charge resonance limits, which
reflects the fact that the electron-delocalized state is stable. Thedepends only on the relative coupling strength The overall
lower energy band can be viewed as a transition to a bonding jine width of the experimental absorption spectrum depends on
state, while the higher energy band is a transition to an poth the relative coupling strength and the bandwitlgh of

antibonding state. . . Ga(w); however, itdine shapedoes not depend aficr. Note
_Case II. The vibronically discrete statg; is located atthe  that the integrated oscillator strength is conserved in all cases
high-energy side ofvocr, the maximum ofGy(w), i.e., ycr is because the diagonalization af; and ycr is a unitary

shifted to lower energy compared to case I. The relative energy transformation. The relative coupling strenglis the defining
shift termo is positive for case II; for the purpose of discussion, parameter for the three charge resonance limits, while the
0 is chosen as+0.2. relative shifté determines the degree of equivalence of the
Weak Charge Resonance LimforR= 0.13 an asymmetric  oscillator strength and line shape of the two absorption bands.
quasi-Lorentzian line shape is predicted (curve A, lower panel In the weak charge resonance limit, the absorption line shape
in Figure 4). Close examination shows that its higher energy resembles a Lorentzian whose line width is directly related to
side is sharper and the peak position is shifted to higher energythe excited state electron transfer lifetime. The resonance energy
compared to curve A for case | in the upper panel. Rs  shift depends on both theslative coupling strength between
increases to 0.2, the asymmetric quasi-Lorentzian line shapethese two states and thelative shift 6 betweenwo and wcr.
broadens and the asymmetry becomes more pronounced (comh the intermediate charge resonance limit, two broad bands
pare curve B in the upper and lower panel of Figure 4). are predicted, and one expects the electron transfer dynamics
Furthermore, the peak shifts to higher energy in case Il to be strongly correlated with the nuclear motion. In the strong
compared to case I. The charge resonance interaction betweeicharge resonance limit, the electron from the donor is delocal-
11 and ycr thus causes a resonance bandshift in addition to ized between the donor and acceptor and two narrow bands are
band broadening. Such a resonance energy shift (from the termexpected with the spectral splitting being approximatély &s
[Vo|2Gi(w) in eq 1) is directly related to the bandwidth one expects from a simple molecular orbital picture.
|Vol?Go(w) of the transition to the final state through the Hilbert  |n the weak charge resonance limit where the dynamics of
transformation. This phenomenon was also discussed by Ricephotoinduced electron transfer reactions are often studied, the
in molecular predissociation spectra and Fano in autoionization homogeneous line width of an absorption band due to electron
processed2? In general, the symmetry @,(w) with respect  transfer dynamics is likely to be overwhelmed by inhomoge-
to w = wo is the key factor in determining the symmetry of the neous broadening mechanisms in the condensed phase, and it
absorption line shape to the final state, which is characterized g necessary to use hole-burning spectroscopy to get dynamical
here by the relative shift terr. information from the absorption spectrum. Stark spectroscopy
Intermediate Charge Resonance Limior R = 0.5, two is also useful because the energy of a coupled CT state is altered
broad bands are predicted (curve C in the lower panel of Figure by the applied electric field, and as shown above, such an energy
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Figure 5. Calculated absorption line shapes in the intermediate charge
resonance coupling limit as the relative shift tebns varied. For case

I, = 0.0 andy; is located atocr; for case I,0 = +0.1 andwcr is
shifted to the lower energy side ¢f;; for case I1l,06 = —0.1 andwcr

is shifted to the higher energy side 9f.

shift has a marked effect on the absorption line shape to the
final state3! The homogeneous line width in the intermediate

charge resonance limit could be very large and may become

the dominant broadening mechanism. An electronic coupling

strength on the order of hundreds of wavenumbers has been

demonstrated in a number of caseés.
As shown below, the intermediate charge transfer limit

appears to apply to the heterodimer case, so we consider this

further. Figure 5 illustrates the absorption line shapes when
the relative shift is varied withR being fixed at 0.35. Figure
5A shows the absorption spectrum fér= 0; two broad
equivalent bands are expected. @gw) shifts to lower energy,

i.e. the relative shifto is positive, the lower energy band
becomes broader with less absorbance, while the higher energ
band becomes sharper with more absorbance (Figure 5B wher
0 = +0.1). The opposite behavior is observed i negative

(0 = —0.1) as shown in Figure 5C. Information about the
relative coupling strength can be deduced from the extent of
band splitting, and the relative shift can be inferred from their

J. Phys. Chem. B, Vol. 101, No. 29, 19%763

TABLE 1: Parameters Obtained by Comparing the

Theoretical Model (Egs 1 and 3) to the Absorption Spectra
(Figures 6 and 8) for Heterodimer/Hydrogen Bond Mutants
of Rb. sphaeroidefReaction Center$

o Vo Act wo — wct
mutank (cm?)  (em?)  (cm™) (cm™)
(M)H202L 11 400 542 1550 46
(M)H202L/(M)F197H 11285 549 1593 167
(M)H202L/(L)H168F 11 450 536 1625 114
(M)H202L/(M)L1I60H 10920 603 1800 225
(M)H202L/(L)L131H 11 600 511 1525 —61

a See text for definitions ofyo, Vo, Act andwo — wcr. ® See Figure
1 for locations of residues.

BChls labeled B and centered around 800 nm. As shown below,
the D absorption bands shift and have a different separation
and variable amplitudes and line shapes in different hydrogen
bond/heterodimer mutants, and this changes the spectral overlap
between the upper feature of D and the B band. In addition
the B band position shifts slightly in different mutants (the B
band consists of overlapping absorptions due to bathaid

Bwm, and small shifts in their absorption maxima and widths
change the overall shape of the 800 nm feature), and it is difficult
to obtain a perfectly flat base line in all samples at 77 K.
Because of these uncertainties and because we do not know
the line shape of the higher energy heterodimer tempdiori,

we have not attempted to deconvolve the heterodimer special
pair and B absorption features. The B band has no overlap
with the lower energy D band. In the following, we use the
line shape of the lower energy D band (around-9220 nm)

as aprimary constraint to obtain the relative coupling strength.
The relative shift ternd is found by both the relative absorbance
of the two heterodimer absorption bands and the line shape of
the lower energy band because the relative shift term also affects
the lower energy band line shape, cf. Figure 5. It is desirable
to obtain some quantitative information about the electronic
coupling Vo, the locations ofwg and wct, and the bandwidth
Act of Gy(w). As the relative coupling strength and relative
shift term are known from the above line shape analysis, we
adjust the bandwidtct of Gy(w) and location ofwg until the
calculated absorption line shape matches the experimental
spectrum. The electronic coupling strenigthand the location

of wcr can then be readily deduced. This simple data analysis
procedure was used to obtain the parameters in Table 1 and the
calculated absorption spectra. We stress that given the simplic-
ity of the model and the uncertainties associated with overlap

Y%f the higher energy D band and the B band, we only seek to
%ind trends and approximate values of the relevant parameters.

Analysis and Results
An expanded view of the (M)H202L heterodimer mutant

line shapes. For example, the line shapes of the lower energyabsorption spectrum in they@egion at 77 K is shown in the

bands in Figure 5 also depend on the relative shift term, and
the relative shift can also be inferred from their relative peak
absorption.

Methods

The heterodimer and heterodimer/hydrogen bond double
mutant$2 were grown semianaerobically. Reaction centers were
isolated using standard methddsRCs in 0.1% LDAO, 10 mM
Tris buffer (pH 8.0) were mixed with an equal volume of
glycerol, and absorption spectra were obtained at 77 K.

upper panel of Figure 6. The two absorption features are
approximately equal in intensity and line width; a similar result
was obtained from the somewhat better resolved spectrum at
1.5 K# By comparison with the model spectra in Figures 4
and 5, these features are qualitatively consistent with placing
the heterodimer in the intermediate charge resonance limit with
the relative shift term) close to zero (case 1). Because the
transition dipoles for these two bands are derived from the same
electronic transition from the ground state to the exciton state,
they share the same ground state and their transition dipole
moments are expected to be parallel, as obsefveds

As seen in Figure 2, the higher energy feature of the two described above, we use the lower energy band line shape, which
broad heterodimer absorption bands overlaps somewhat withdoes not overlap with the B band, as a primary constraint to
the relatively sharp absorption associated with the monomeric obtain the calculated absorption which is shown in the lower
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Figure 7. Schematic illustration of two possible arrangements of the
10000 10500 11000 11500 12000 absolute energies of the vibronically discrete stat@nd the two broad
Energy (cm’) charge transfer states of the heterodimer. Because BPhe is substantially
y easier to reduce than BCinl vitro, it is assumed that the BCtBPhe
Figure 6. Expanded view of the heterodimer (M)H202L special pair charge transfer state is much lower than the BBRhe™ charge transfer
absorption (upper panel) under identical experimental conditions as in state. In case A, the dominant charge resonance interaction is between
Figure 2, and the calculated spectrum obtained using eq 1 andy; and BChfBPhe; in case B, the dominant charge resonance

parameters listed in Table 1 (lower panel). interaction is betweem; and BChiBPhe". Changes in the arrange-
ments of hydrogen bonds to BChl and BPhe in the heterodimer will
panel of Figure 6. The coupling strength, line width Act of further perturb the absolute energies. The results suggest that case A

Ga(w), location of the maximurmer of Gx(w), and location of ~ 2PPlies.

the exciton stateyo are shown in Table 1. As described above,

each parameter determines an independent feature of the spe

trum, so the calculated spectrum is sensitive to these values.
As discussed in the Introduction, the BEBPhe CT state

is expected to be substantially lower in energy than the

BChI"BPhe" CT state because BPhe is much easier to reduce

than BChlin »itro.’> Two possible cases for the absolute

; : : - in the (M)H202L/(M)F197H mutant.
energies of these states relativeytp are illustrated in Figure 1 1n the -
7. As argued in the following, by systematically analyzing the A similar analysis was done for the (M)H202L/(L)H168F,

effects of additional environmental perturbations on the het- (M)H202L/(M)L160H, and (M)H202L/(L)L131H mutants{,

erodimer absorption caused by adding or deleting hydrogen Figure 1), whose absorption spectra are also shown in Figure

bonds, it is possible to determine that the heterodimer (M)H202L 8: Again, there is close agreement between the calculated and
belongs to case A. observed spectra for the lower energy band and qualitative

t for the higher energy band. In both (M)H202L/
In the (M)H202L/(M)F197H mutant, a hydrogen bond &39reemen :
(electron-withdrawing) is added to the acetyl carbonyl group (L)H168F and (M)HZOZL/(M)LlG.O.H mutants, either thg re-
of the BPhe molecule (see Figure'2).This should shift the ~ Moval of a hydrogen bond at position (L)168 or an addition of
BChI"BPhe state to higher energy and the BEBPhe state an hydrogen _bond at position (M)160, respectively, is expect
to lower energy. It is likely that such energy shifts are to lower the intradimer BCHBPhe state energy; thus, we

considerably smaller than the energy difference between the twoXPECt case Il to apply as for (M)H202L/(M)F197H, leading to
CT states; in other words, the effect of hydrogen bond changesa Iess_, intense and broader lower energy band compare_(_i with
on the energy of intradimer CT states is a perturbation on the thhe higher energy b";nd' Or?l thelothtler _han(rj], an additional
basic picture. If the absolute energy positioning in case A Hydrogen bond on the BChl molecule in the (M)H202L/

(Figure 7) applies to the heterodimer (M)H202L, then shifting ()-131H mutant should increase the energy of B@ithe
the BChI'BPhe state energy lower should perturb the experi- state; consequently one would expect case Ill to apply. As seen

mental absorption spectrum toward a line shape predicted forin the bpttom panel of Figure 8, the lower energy band for.this
case Il. Conversely, if the absolute energy position in case B mutant is clearly sharper with more absorbance than the higher

(Figure 7) applies, the experimental absorption spectrum should€N€r9y band. Examination of the fit parameters in Table 1
move toward case lll. The experimental spectrum is shown in indicates that/o and Acr are approximately the same for all
the top panel of Figure 8, and by comparison with the model five mutants, whll_e the primary difference is the position of
spectra in Figure 5, the (M)H202L/(M)F197H spectrum shifts € CT state relative to the exciton state.

toward case Il. The calculated absorption spectrum (filled
circles) gives excellent agreement for the lower energy band
for the parameters listed in Table 1. The spectral overlap We have presented a quantitative theory of various charge
between the higher energy band and the B band prevents a moreesonance limits for excited state electron transfer processes.
detailed line shape analysis of the higher energy band; however,Related theoretical work on energy transfer was done by

dt is clear that the higher energy band is sharper and has more
absorbance while the lower energy band is broader and has less
absorbance compared with the (M)H202L heterodimer, the
qualitative characteristics expected for case Il. Thus we
conclude that the BChBPhe state is the primary intradimer

CT state involved in the charge resonance interaction with state

Discussion
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y the BChl or BPhe half of the heterodimer, one expects a shift
in the energy of the BCHBPhe™ state with relatively little effect

on other properties; consequently, the absorption line shape
should change in a well-defined fashion.

The exact form of the vibronic overlap functi@y(w) is of
primary importance in many electron transfer theoffeg? It
is expected to be well approximated by a Gaussian line shape
H and be very broad due to strong electrgahonon coupling for
a CT staté?®29 Gy(w) may be somewhat asymmet#&2° this
will not affect the line shape comparisons among different
heterodimer/hydrogen bond mutants, but the relative shift in
each mutant could be modified somewhat. Nonetheless, the
primary conclusions still hold that the the lowest energy
absorption band of the heterodimer is an example of the
i intermediate charge resonance limit and that the dominant charge
] resonance interaction occurs between the intradimer B&Etie
] state and the discrete state.

1 The electronic coupling strengtfy from our analysis of the
] heterodimer absorption is about the same order of magnitude
as that of Parson and WarsHKelLathrop and Friesner also
stressed the significance of the interaction between the exciton
and intradimer CT states and obtained a coupling strength with
H similar magnitud€:® Lathrop and Friesner used a detailed set
] of vibrational modes necessitating a complex simulation; this
is replaced in our model with a single Gaussian that leads to
] the simple analytical expression for the line shape in eq 1.
] Lathrop and Friesner introduced a “vibronic scaling parameter”
JJ A to describe the vibronic coupling to the CT state, and this
3 should correspond to the width of vibrational overlap function
we have used. Although it would be desirable to explicitly
0 include coupled modes and their displacements, their values are
9500 10000 10500 11000 11500 12000 not known accurately for the low-frequency modes that will
Energy (cm’’) dominate. The relative magnitude of the electronic coupling
Figure 8. Absorption () and best fit to eq 1 (filled circles) for a term .and th.e WIth of the vibrational overlap was ngt exphcrgly
series of heterodimers in which histidine residues that hydrogen bond Coln5|dered' in their work. We COﬂC|FI(.je that the rela'.tlv.e coupling
to the special pair are added or deletefi Eigure 1). R is the primary factor for categorizing the three limits of the
] o o charge resonance interaction, and our analysis shows that the
Simpson and Peters¥nwho gave a qualitative description of  charge resonance interaction in the heterodimer special pair
various coupling limits categorized by the relative strength of pe|ongs to the intermediate coupling limit, which was not clear
the resonance energy tr:_;msfe_r matrix elgment and the bandwidthyofore. Finally, the two bands observed for the (M)H202L
of the Herzberg Teller vibronic overlap integral. The formal  petergdimer were not discussed by Lathrop and Friesner, but it
similarity beFvyee7rl energy tran§fer and electron transfer should g eyident from the analysis presented here that these two bands
not be surprising; but the physical nature of the coupling term ;'\ ariations in their position, splitting, relative amplitudes,

IS very dlfferent._ Th_e coupling fterm in the"l='s_m_er energy and widths can provide insight into electronic structure of the
transfer mechanism is the transition dipseteansition dipole special pair

interaction, while the coupling term for an electron transfer h vsi 4 h lead I liel
process may be viewed as the interaction of the transition dipole "€ analysis presented here leads naturally to a paralle

between the neutral and charge-separated states with thdf€atment of the absorption spectrum of the wild-type ho-
electrostatic field from the surrounding nuclei and electrons. Modimer and the effects of perturbations (e.g. by hydrogen bond
We have described three charge resonance limits in which the@dditions or deletions) on that spectrum. As will be shown
absorption line shapes are distinctly different. In addition, we €Sewheré> large perturbations of the homodimer, e.g. in the
have shown that the location of the discrete state within the (M)L160H mutant, lead to an absorption spectrum which
broad CT state vibronic profile greatly modifies the calculated reésembles that of the heterodimer in the (M)H202L/(L)L131H
absorption spectrum, and the symmetry of the absorption line mutant. This can be understood because the addition of a
shape and its location are directly correlated to the charge hydrogen bond on the L side in (M)H202L/(L)L131H effectively
resonance interaction strength. reduces the electron-withdrawing effect on the M side caused
Comparison of this model with the absorption spectrum of by replacing the native M-side BChl with BPhe in the
the heterodimer (M)H202L provides an explanation for the heterodimer. There should be a continuous series from the
presence of two approximately equally intense bands with heterodimer with further electron-withdrawing groups, through
parallel transition dipole moments and suggests that this is anthe homodimer, to the “reverse” heterodimer [(L)H173L] whose
example of the intermediate charge resonance limit. The absorption spectrum is very different from the (M)H202L
observed line shape has not been explained before and comheterodimer discussed hefe The theoretical treatment of the
parison with the model indicates that the discrete state is locatedhomodimer may be more complicated because the splitting
near the maximum of the broad intradimer B&BPhe CT between the two charge transfer states is likely to be smaller
state. When an additional hydrogen bond is added to eitherthan for the heterodimer, and it may be necessary to consider
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mixing between both and the exciton state(s). Qualitatively one
expects offsetting effects if both charge transfer states are
included, leading, for example, to smaller values of the excited ;.
state dipole moment as is observed. Finally, we note that there

Zhou and Boxer

(10) Stocker, J. W.; Taguchi, A. K. W.; Murchison, H. A.; Woodbury,
N. W.; Boxer, S. GBiochemistry1l992 31, 10356-10362.
(11) Lin, X.; Murchison, H. A.; Nagarajan, V.; Parson, W. W.; Williams,
C.; Allen, J. PProc. Natl. Acad. Sci. U.S.A994 91, 10265-10269.
(12) Allen, J. P.; Artz, K.; Lin, X.; Williams, J. C.; Ivancich, A.; Albouy,

are two other “heterodimers” in the reaction center, namely, D. Mattioli, T. A;; Fetsch, A.; Kuhn, M.; Lubitz, WBiochemistry1996

B./H. and B4/Hu. The interchomophore distance and geometry

35, 6612-6619.
(13) Bylina, E. J.; Youvan, D. CProc. Natl. Acad. Sci. U.S.A.988

in these cases are very different from the heterodimer derived s, 7226-7230.

from the special pair, and intuitively one expects a much weaker

interaction. As will be shown elsewhetkin the weak charge

(14) Kirmaier, C.; Holten, D.; Bylina, E. J.; Youvan, D. €roc. Natl.

Acad. Sci. U.S.A1988 85, 7562-7566.

(15) Fajer, J.; Brune, D. C.; Davis, M. S.; Forman, A.; Spaulding, L. D.

resonance limit, novel higher order Stark effects are predicted proc. Natl. Acad. Sci. U.S.A975 72, 4956-4960.

and found from which information can be obtained on excited

state electron transfer dynamics frdBy. to H, (or in principle
from 1By to Hy) using the conceptual framework developed
here.
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