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ABSTRACT The effect of an electric field has been mea-
sured on the absorption spectrum (Stark effect) of the het-
erodimer mutant (M)H202L of Rhodobaeter sphaeroides reac-
tion centers, where the primary electron donor consists of one
bacteriochlorophyll a and one bacteriopheophytin a. The elec-
tronic absorption spectrum of the heterodimer mutant from
820-950 nm is relatively featureless in a poly(vinyl alcohol)
film, but it exhibits some structure in a glycerol/water -ass at
77 K. A feature is seen in the Stark effect spectrum of the
heterodimer at 77 K centered at 927 and 936 nm in poly(vinyl
alcohol) and a glycerol/water glass, respectively. This feature
has approximately the same shape and width as the Stark effect
for the primary electron donor of the wild type, which consists
of a pair of bacteriochlorophyll a molecules. The angle M4
between the transition moment at the frequency of absorption
and the difference dipole AIA is 36±+ in the wild ty and
32 ± 2 for that feature in the heterodimer. A range of values
for IAAI = (13-17)/f Debye units (where f is the local field
correction) is obtained for the 936-nm feature in
glycerol/water, depending on analysis method. This feature is
interpreted as arising from a transition to the lower exciton
state of the heterodimer, which is more strongly mixed with a
low-lying charge transfer transition than in the wild type.

With the recent availability of genes and deletion strains for
the photosynthetic bacteria Rhodobacter capsulatus (1, 2)
and Rhodobacter sphaeroides (3, 4), amino acid residues in
the reaction center (RC) can be manipulated by site-directed
mutagenesis to investigate specific aspects of protein-
prosthetic group interactions. In R. capsulatus RCs, replace-
ment of the histidine ligand of the M-side bacteriochlorophyll
a (BChla) molecule in the special pair primary-electron donor
(denoted P) with a noncoordinating side chain leads to loss of
the central Mg atom, converting it to a bacteriopheophytin a
(BPheoa). This RC, the primary electron donor of which
consists of one BChla (DL) and one BPheoa (DM), has been
called the heterodimer mutant; the symbol D is used for P in
this dimer (2, 5). In contrast to P. in which the lowest singlet
electronic absorption band is relatively narrow (full width at
half-maximum =500 cm-'), the absorption spectrum of D
appears rather featureless and extends from =800-1000 nm.
The quantum yield for the initial charge separation step in the
heterodimer mutant is =50% of that in wild-type RCs; the
remaining 50o of excited RCs decay rapidly to the ground
state (5). The mechanism of charge separation in the het-
erodimer mutant has been suggested (5) to be the following:

DHL *DHL -- (DL-DM )HL -* (DLDM)`HL ,

where HL is the BPheoa electron acceptor. [The notation *D
is used to denote the excited state formed upon excitation at
870 nm under conditions ofthe experiments described in refs.
5 and 6. Internal charge transfer (CT) states ofD are written

as DL+DM- because BPheoa is "-300 meV easier to reduce
than BChla (5-7). The hole on D+ may localize on the BChla
(DL) half of the heterodimer.] Spectral features characteristic
of the BPheoa anion with polarization different from that of
Hj are present within 350 fs after excitation, which was the
time resolution of the experiment (6). Thus, a significant role
is postulated for intraheterodimer CT states. The possible
role of CT states in determining the properties of the ho-
modimer of the wild type-e.g., PL" PM - or PM- PL --has
been widely discussed (8-10), but no definitive conclusion
has been reached. The analogous heterodimer mutant of R.
sphaeroides (M)H202L has now also been prepared and
exhibits spectral and kinetic properties similar to those of the
R. capsulatus mutant (C.C.S., unpublished observations).
The effect of an electric field on the absorption spectra of

RCs from several different species has proven to be a useful
approach for probing the dipolar character of spectroscopic
transitions (11-17). The absorption Stark effect depends on
the square of the magnitude of the change in dipole moment
between the ground and excited states, INLAI. When AuA
predominates over the changes in polarizability, hyperpolar-
izability, and the transition moment, the line shape of the
Stark effect spectrum for an absorption band with a homo-
geneous AILA is approximately the second derivative of its
absorption spectrum (18). IA#UAI for a typical rir electronic
transition would be expected to be relatively small, on the
order of a few Debye units, whereas IAUAI for a CT transition
will be much larger depending on the degree ofCT character.
Thus, the magnitude offeatures in the absorption Stark effect
spectra of the wild-type and heterodimer mutant RCs is
potentially a useful probe ofthe degree to which CT character
is mixed into various electronic states. It is also straightfor-
ward to measure the angle { between AILA and the transition
dipole moment (12, 18). {A measures the direction of charge
displacement and can be related to the molecular structure
when the direction of the transition dipole moment is known
relative to the molecular axes. A preliminary account ofthese
results has been presented (19).

EXPERIMENTAL METHODS
The R. sphaeroides heterodimer mutant (M)H202L RCs were
prepared by the phosphorothioate selection method (20).
Absorption Stark effects measurements were made at 77 K
on samples in poly(vinyl alcohol) (PVA) films (12) and in
glycerol/water glasses (21). The experimental angle X is the
angle between the electric vector of polarized light used to
probe the spectrum and the electric field direction. When X
= 54.7° (the magic angle), variations in the intensity of
features in the Stark spectrum due to differences in CA for
different bands are eliminated.

Abbreviations: BChla, bacteriochlorophyll a; BPheoa, bacterio-
pheophytin a; RC, reaction center; CT, charge transfer; PVA,
poly(vinyl alcohol).
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RESULTS
The absorption and Stark effect spectra of the wild-type and
heterodimer mutant in glycerol/water glasses and the mutant
in a PVA film are shown in Figs. 1-3. The most striking
feature of the Stark effect spectra of the mutant is the
relatively strong band at -930 nm (936 nm in glycerol/water,
927 nm in PVA at 77 K). Spectra are shown in both media
because higher quality Stark effect data can be obtained in
PVA films (the samples are free from cracks, so accurate
angle measurements can be made and higher applied fields
can be achieved); however, resolution is significantly better
in the glycerol/water glass. This better resolution is seen
most strikingly in the absorption spectrum at 1.5 K (Fig. 4A);
a transition clearly appears at approximately the wavelength
of the minimum of the lowest energy feature in the Stark
effect spectrum (cf. Fig. 3B). VA was measured for the lowest
energy transition in PVA films: {A = 32 + 20 for the het-
erodimer at 927 nm; {A = 36 ± 2° for the wild type at 877 nm.
The entire Stark spectrum in the Qy region was measured as
a function of angle in the PVA film (data not shown). The
shape of the spectra show almost no dependence on X in the
region between 820 and 1000 nm, implying that the value of
VA is roughly constant over this region. The intensity of the
feature in the Stark effect spectrum at 927 nm in a PVA film
was measured as a function of applied field between 1.5 x 10-
and 4.4 x 10- V/cm and was found to be quadratic with
applied field strength (data not shown); the shape of the Stark
effect spectrum between 800 and 1000 nm in the PVA film was
also independent of field strength.

DISCUSSION
Analysis of Data. To obtain IAgAI from the Stark effect

spectrum it is necessary to measure the second derivative of
the corresponding absorption band. Obviously the curvature
in the 820- to 1000-nm region of the heterodimer absorption
spectrum is small, especially in PVA (Fig. 3A). Examination
ofthe glycerol/water glass absorption spectrum and the Stark
effect spectra in both media indicates overlapping bands in
this region that differ in individual IAUAI values. For such
cases it is meaningless to simply take the second derivative
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FIG. 2. Absorption (A) and Stark effect (B) spectra in the Qy
region of the heterodimer mutant (M)H202L of R. sphaeroides RCs
at 77 K in a glycerol/water (1:1, vol/vol) glass (Fext = 2.14 X 105
V/cm, X = 54-7°)-

of the overall absorption to calculate IA/lA1 for underlying
bands. Instead, it is essential to deconvolve the absorption
spectrum into individual bands, the respective second deriv-
atives of which can be calculated to estimate each IAUAI
separately.
The data obtained for the heterodimer mutant in the Qy

region in glycerol/water are important because there is
evidence for resolved absorption features at around the same
wavelengths (850 and 936 nm) as the new features in the Stark
effect spectrum (see Fig. 2). For a Gaussian line shape, the
separation between the zero-crossing points of the second
derivative is 1.18 times smaller than the full width at half-
maximum for the Gaussian.§ An important feature of the new
transition at 936 nm in the heterodimer Stark effect spectrum
is that its line width, as deduced from the zero-crossing points
of the Stark effect spectrum, is similar to that of the ho-
modimer in the wild type: the zero-crossing points are
separated in the wild type by 541 and 590 cm-1 and in the
heterodimer by 476 and 681 cm-1 in glycerol/water and PVA,
respectively (all at 77 K).
The absorption spectrum in glycerol/water was decon-

volved by using the 1.5 K data (Fig. 4A). As a starting point,
the heterodimer Stark feature at 936 nm was used to recon-
struct a Gaussian band corresponding to the hypothetical
heterodimer absorption in this region. The full width at
half-maximum of this Gaussian band was fixed at 1.18 times
the separation between the zero-crossing points of the het-
erodimer Stark feature, and the position of the Gaussian was
fixed at the frequency of the minimum of the heterodimer
Stark feature. Examination of the absorption spectrum indi-
cates a second feature at =850 nm, the width of which is
evidently larger than that of the 936-nm feature and which
also gives rise to a much less well-defined negative feature in
the Stark effect spectrum. These two components plus two
components for the two resolved peaks at =800 nm were used

ENERGY (cm-1)

FIG. 1. Absorption (A) and Stark effect (B) spectra in the Qy
region of wild-type R. sphaeroides RCs at 77 K in a glycerol/water
(1:1, vol/vol) glass (Fext = 2.14 x 105 V/cm, X = 54-7o)-

§The line shape is not likely to be exactly Gaussian, but this is a good
approximation for the purpose of discussion. Because the Stark
effect spectrum has positive and negative features, overlapping
bands are especially difficult to analyze without precise line shapes
for the individual underlying transitions.
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FIG. 3. Absorption (A) and Stark effect (B) spectra in the Qy
region of the heterodiner mutant (M)H202L of R. sphaeroides RCs
at 77 K in a PVA matrix (Fet = 4.98 x 105 V/cm, X = 54-7°).

as a starting point to deconvolve the absorption spectrum up
to the short wavelength side of the 800-nm band.§ With the
width and position of the 936-nm band fixed, the best fit for
the 850-nm band is approximately three times as broad as the
936-nm band (Fig. 4B).

IAp.AI was then calculated for the four components of the
fit, neglecting possible band overlap effects. The components
from the fit were scaled to the absorption spectrum of the
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FIG. 4. (A) Absorption spectrum in the Qy region of the het-
erodimer mutant (M)H202L of R. sphaeroides RCs at 1.5 K in a
glycerol/water glass. (B) Gaussian deconvolution of the absorption
spectrum in A as described in text. (C) Simulation of the Stark effect
spectrum (cf. Fig. 3B) obtained from a sum of second derivatives of
the Gaussian components from B weighted by IAIAA12. Absorption
maxima (cm-'), full width at half-maximum (cm-'), IAUtsl/fDebye
units and relative amplitude for the bands are as follows: 12,497, 127,
1.5, 0.711; 12,323, 160, 1.8, 0.356; 11,787, 1582, 17.5, 0.087; 10,684,
561, 16.6, 0.039.

sample used to obtain the Stark effect spectrum, and each
scaled Gaussian component was used to independently find
the second derivative at the maximum of the Gaussian
component. AA was determined from the Stark effect spec-
trum at X = 900 at the wavelength maximum of the Gaussian
component. There is little variation in {A in this wavelength
region based on measurements in PVA films; the value of gA
used for all four components was that measured at 927 nm in
PVA. The minimum value for IAjUAI of the 936-nm band is
obtained by assuming that all of the absorption at 936 nm is
from this band: IApUAI > 13/f Debye units.¶
Even though the use of symmetric Gaussian components is

undoubtedly oversimplified, it is useful to simulate the Stark
effect spectrum by summing the second derivatives of each
component in the deconvolution weighted by IAILAI2 for each
band. The weightings of the second derivatives of the 800
bands were varied slightly to fit the Stark spectrum better;
this slight discrepancy of the weightings can be attributed to
band overlap effects. The resulting simulation of the Stark
effect spectrum is shown in Fig. 4C and agrees reasonably
well with the actual spectrum (Fig. 2B), considering the
crudeness of the model. The most serious discrepancy occurs
between the 936- and 850-nm bands. When IAILAI is calculated
from the deconvolution, as described above, IAtLAI = 16.6/f
Debye units for the 936-nm band, =17/fDebye units for the
850-nm band, and 1.5/fand 1.8/fDebye units for the mono-
mer bacteriochlorophyll bands at 800 and 805 nm, respec-
tively. Thus, reasonably reliable upper and lower limits are
obtained for IAjUAI for the 936-nm feature, giving IAjUAI =
(13-17)/f Debye units. Further refinement of the fitting pro-
cess, such as allowing the width and the position of the
936-nm band to vary, had little effect on the derived values
of I AIAI.

Although an excellent fit to the absorption spectrum be-
tween 800 and 1000 nm could be obtained using four Gaussian
components, there is a persistent discrepancy in the calcu-
lated shape of the Stark effect spectrum in the region between
the 850- and 936-nm bands. The line shape can be corrected,
in part, by using more realistic asymmetric bands or by
including small amounts of zeroth and first-derivative com-
ponents in the fits, but the data do not warrant such elaborate
treatments at this time. An obvious possibility to account for
the peculiar line shape in the Stark effect spectrum around
900 nm is to include another, weak component. Again,
although this can be done and may be warranted by consid-
erations of the exciton components expected in this region
(see below), such refinements must await further resolution
of substructure by other spectral methods.

It is interesting that the absorption spectrum of the het-
erodimer in PVA is much less well resolved than that of the
homodimer, although their Stark effect spectra are quite
similar. The origin of this difference is readily understood
from the width of the Stark feature in PVA compared with
that in the glass. From the zero-crossing points of the
red-most Stark feature, the lowest energy transition is evi-
dently substantially broader in PVA than in glycerol/water.
A similar trend is seen for the width of P in the wild type, but
the difference is much smaller. The sensitivity of the het-
*erodimer line width may result from looseness in its structure
(22) when one of the anchors to the protein (the Mg-histidine
bond) is removed. Making the reasonable assumption that
IAj&AI for the monomer bacteriochlorophyll band at =800 nm
is comparable in PVA and glycerol/water, the magnitudes of
AA for the red-most Stark feature in PVA and glycerol/water
can be seen to be approximately the same when corrected for

If is the local field correction: Fint = fFext, where Fint is the internal
field experienced by the chromophores, and Fext is the external
applied field. The value off is uncertain (probably between 1.0 and
1.5) so all values of IUtiA I are expressed as a function of f.
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their different line widths. The implication is that IA~u.Al for
the feature at 936 nm in the glass sample and that for the
927-nm feature in the PVA film are comparable. An errone-
ously large value of IAUAI would be obtained from analysis of
the spectrum in PVA by using only the second derivative of
the absorption spectrum and not considering the line width
information in the Stark effect spectrum. This fact may
explain why DiMagno and coworkers (23), who indepen-
dently obtained absorption Stark effect data for the R.
capsulatus heterodimer mutant in PVA, concluded that the
lowest energy feature could have a very large IAILAI, sug-
gesting a pure CT transition. We have repeated this experi-
ment on the R. capsulatus heterodimer isolated from a strain
generously provided by D. C. Youvan and obtain results
comparable with those reported here for the R. sphaeroides
heterodimer.

Interpretation of IAIAI and C. To interpret the results it is
necessary to combine information from several sources. At
present there is no x-ray structural data for the heterodimer
mutant. We will assume that the organization of the chro-
mophores is identical to that found in the wild type (24-27).
Linear dichroism data for the R. capsulatus heterodimer (10
K in polyacrylamide gels) suggest a relatively constant po-
larization to the red of the 800-nm band, the polarization
being comparable to that in wild type (28). The absorption
spectrum is poorly resolved under these conditions, and data
were not presented for wavelengths >900 nm. The angle-
dependent Stark effect data in this region exhibit a constant
value of rA. The value of IA#UAI for the 936-nm feature in the
heterodimer [(13-17)/f Debye units] is larger than for the
870-nm feature corresponding to P in the homodimer (7/f
Debye units) by about a factor of 2, and the line width of this
feature is about the same as that of P. The value of PA for the
936-nm band (32 ± 20) in the heterodimer is somewhat less
than that for the lowest energy 877-nm band (36 ± 20) in the
homodimer. Initially excitation of the R. sphaeroides het-
erodimer mutant at 77 K in glycerol/water at 953 nm leads to
bleaching of all features at wavelengths >800 nm, suggesting
that the 930-nm band and all features in the 810- to 900-nm
region share a common ground state (T. Middendorf, L.M.,
S.G.B., and C.C.S., unpublished observations; these exper-
iments are complicated by light-dependent spectral changes
at low temperature and will be described in detail elsewhere).
This result rules out the possibility that the multiple features
seen in the 810- to 950-nm region result from inhomogeneous
distributions of transition energies due, for example, to a
looser structure in the heterodimer than in the homodimer.

Considering all this information, we suggest that the 936-
nm feature in the absorption and Stark effect spectra of the
heterodimer corresponds to the lower exciton component of
the heterodimer-i.e., the 936-nm feature in the heterodimer
is analogous to the 870-nm feature in the wild type. However,
the change in dipole moment for this feature in the het-
erodimer is larger than that for the homodimer because the
lowest-lying CT state, presumably DL+DM-, is considerably
closer in energy to the lowest lrir transition, which thus
acquires more CT character. The 936-nm transition is not a
pure CT state because its width and IAttAI would be expected
to be substantially larger [taking the center-to-center sepa-
ration of the special pair (26), a P'P- dipole would be -35
Debye units, so forf = i.5,§ the observed IAULAI would have
to be -50/fDebye units, assuming the ground state dipole is
zero]. All other things being equal one expects that the energy
of a pure CT state for a heterodimer will be =300 meV (2400
cm-') lower than for a homodimer (5, 6) based on the lower
reduction potential of BPheoa relative to BChla (7). The
oscillator strength of BPheoa is less than that of BChla, and
their Qy transition energies in organic solvents differ by
-300-400 cm-1, so a simple exciton model predicts a smaller
exciton splitting for the heterodimer than for the homodimer

(all other things being equal, the exciton splitting should be
reduced by at least a factor of 2). Assuming the structures are
the same, the exciton contribution to the bathochromic shift
for the lowest electronic transition of D should thus be
smaller than that of P. Parson and Warshel (9) have stressed
that mixing with CT states can profoundly affect the energy
ofthe lowest energy exciton component in wild-type RCs. As
the CT-state energy lowers, the lowest exciton band is
predicted to shift to longer wavelengths. Because the
DL+DM- CT-state energy is certainly lower than that of
PIP-, this model predicts that the resulting bathochromic
shift of the lowest exciton component from mixing with the
CT state will be even greater for D. This situation provides
a rationalization for the absorption maximum ofD936 relative
to P870. If this rationalization is correct, then the CT state
responsible for the bathochromic shift probably lies at higher
energy than the lowest electronic transition that carries
oscillator strength (the 936-nm band). This interpretation is
inconsistent with that of refs. 5 and 6, where the initially
excited *D state is suggested to evolve into a pure CT state
that must have lower energy than *D. A conceivable escape
from this dilemma is that mixing with even higher-lying CT
states explains the red-shift. The Stark effect data presented
in this paper, which suggest that the 936-nm transition has
considerable CT character but is not a pure CT state, cannot
distinguish between these possible interpretations.
A measurement of {A for the lowest electronic transition of

the RC, the functional electron-donor state, provides infor-
mation on the direction of charge displacement associated
with this optical transition, and a measurement of {A is both
very accurate and free from ambiguities concerning the local
field correction (assumingfis a scalar) (12).1 As discussed in
detail elsewhere (17), for a C, symmetric dimer such as P, a
substantial value of IAAAI is possible; however, the direction
of charge displacement must lie along the C2 axis. Because
the C2 axis is approximately perpendicular to the transition
dipole moment for P (29, 30), the observation that CA is
rotated to 380 implies that the electronic symmetry of 'P is
broken by some feature in its environment (17). The angle can
be related to the directions ofthe dipoles ofCT states that mix
with the lowest energy transition. The angle 380 is midway
between that estimated for a P+P- and P B dipole. The
heterodimer, of course, does not have C2 symmetry; how-
ever, Breton and coworkers (28) find that the transition
dipole moment appears to be in approximately the same
direction as for P. Thus, the observation that CA 320 is
interesting in that it is close to the angle suggested for a state
dominated by a DM'DL dipole (12), where the direction of
this dipole is estimated simply as the line connecting the
centers of the macrocycles using the Rhodopseudomonas
viridis coordinates (24).
The origin of the transition or transitions in the 810- to

900-region is uncertain. The dominant band at 854 nm could
originate from a CT transition. In the simulations using the
minimum set of four Gaussian components, the 854-nm
component has a larger line width than the 936-nm transition
or P870, and the estimated value of IAUAI is quite large.
Another alternative is that the band around 854 nm is the
upper exciton component of D. This state could be formu-
lated by reducing the exciton splitting in the wild type by a
factor of 2 (=500 cm-') and by considering the difference in
absorption maxima of BChla and BPheoa in solution. In this
case, rather striking variations in the linear and circular
dichroism spectra in this region are expected; this result was
not seen for the R. capsulatus heterodimer at 10 K in
polyacrylamide films (28). However, as noted above, the
wavelength range was somewhat limited in this study, so this
region of the spectrum is being reinvestigated using a gly-
cerol/water glass in light of the Stark effect data. The
difficulties encountered in simulating the absorption and
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Stark effect spectrum in the region around 850 nm suggest the
presence of other transitions or vibronic structure, for which
we have not yet accounted and which will be better under-
stood after detailed low-temperature CD measurements are

completed. We note, though, that evidence exists for this
feature even in the Stark effect spectrum of the wild type, but
it is somewhat obscured by overlap with the Qy transition of
P. There, also, a satisfactory analysis of the Stark effect line
shape has not yet been obtained (17).

In conclusion, the Stark effect spectrum of the R. sphae-
roides heterodimer mutant in the Qy region combined with an
analysis of the absorption spectrum at cryogenic tempera-
tures in a glass indicates a transition at -936 nm. The
oscillator strength for this transition is weaker than P870 and
the change in dipole moment is larger. Furthermore, a second
broader transition with a substantial difference dipole is
observed at somewhat higher energy. We assign the 936-nm
transition as the transition to the lower exciton state of the
heterodimer that is more strongly mixed with a highly dipolar
state such as DL'DM- intradimer CT state than is the lower
exciton state of the homodimer in the wild type. We stress
that the distinction between irir and CT states is a matter of
degree. The approximately second-derivative line shape for
the 930-nm transition, which is independent of field, implies
that the field does not substantially alter the mixing between
these states-i.e., they are strongly coupled (17, 31). States
with substantial CT character often exhibit efficient radia-
tionless relaxation pathways to the ground state; thus the
suggestion by Kirmaier et al. (5) that the substantial fraction
of decay to the ground state in competition with electron
transfer is due to CT character appears justified. Electric
field-effect spectra in other regions of the absorption spec-
trum and on the fluorescence are to be published elsewhere.

Note Added in Proof. A reverse heterodimer, (L)H173L, has recently
been prepared. The Stark effect for the reverse heterodimer band is
centered at 8% nm in a glycerol/water glass at 77K; AJUAJ is
comparable to that for the 936-nm band in the (M)H202L heterodimer
discussed in these pages.
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