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ABSTRACT. Qy-excited resonance Raman spectra of the accessory bacteriochlorophylls (B), the bacte-
riopheophytins (H), and the primary electron donor (P) in the bacterial photosynthetic reaction center
(RC) of Rhodobacter sphaeroidéave been obtained at 95 and 278 K. Frequency and intensity differences
are observed in the low-frequency region of the P vibrational spectrum when the sample is cooled from
278 to 95 K. The B and H spectra exhibit minimal changes of frequencies and relative intensities as a
function of temperature. The mode patterns in the Raman spectra of B and H differ very little from
Raman spectra of the chromophomesitro. The Raman scattering cross sections of B and H aré 6

times larger than those for analogous modes of P at 278 K. The cross sections of B and of-Htare 3
times larger at 95 K than at 278 K, while the cross sections of P are approximately constant with
temperature. The temperature dependence of the Raman cross sections for B and H suggests that pure
dephasing arising from coupling to low-frequency solvent/protein modes is important in the damping of
their excited states. The weak Raman cross sections of the special pair suggest that the excited state of
P is damped by very rapid<@O0 fs) electronic relaxation processes. These resonance Raman spectra
provide information for developing multimode vibronic models of the excited-state structure and dynamics

of the chromophores in the RC.

The photophysical properties of the chromophores in the (nm)
photosynthetic reaction center (R@jave been extensively 200 850 800 e
studied with the goal of understanding how they mediate
efficient electron transfer reaction across the photosynthetic 15 — 298K
membrane (Boxer et al., 1989; Rees et al., 1989; Fleming& | = 77K i
van Grondelle, 1994; Friesner & Won, 1989; Kirmaier & i1
Holten, 1987). The bacterial reaction centeRbfodobacter
sphaeroide$as an approximate,@xis of symmetry about ~
which lies a bacteriochlorophyll (BChl) dimer P, two < 890 nm
monomeric BChls called B, and two bacteriopheophytin  ©°
(BPheo) molecules called H. The lowest energyelgc- 850 nm : '
tronic transitions of the P, B, and H chromophores lie in the sk Pt .
near-infrared, with peaks at room temperature near 860, 800, { ; P
and 760 nm, respectively (Figure 1). Charge separation is i P ;
complete between the special pair and a bacteriopheophytin T
within about 3 ps at room temperature and in about half that
time at 100 K. Excitation of B or H leads to ultrafast (100
200 fs) energy transfer to P, although the details of the
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Ficure 1: Near-IR absorption spectra Bb. sphaeroidesaction

centers at 298 and 77 K. Excitation wavelengths of 890, 870, and
850 nm were used to acquire the Raman spectra of P while 800
and 760 nm excitation were used to acquire the B and H spectra.
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compound Raman spectra and other techniques such as site- A detailed presentation of the methodology used in
selective emission and hole-burning spectra are also usefulderiving the absolute Raman cross sections from comparison
for characterizing the role of the protein in tuning the of the RC Raman scattering intensities with the ethylene
chromophores for their specific functions in the RC. The glycol scattering will be found in Cherepy et al. (1997a).
modes observed in a resonance Raman spectrum are stronglRaman scattering from the 864 chmode of ethylene glycol
coupled to the resonant electronic absorption. Thus, thecan be observed when the RC concentration is reduced
Raman spectrum provides specific information about the enough to compensate for the resonance enhancement. For
structure, excited-state structural relaxation, and environmentquantitative work, the intensity of the strong 730 ¢nRC
of a bound chromophore. Although Raman frequencies andmode was measured relative to that of the 864'cstandard,
relative intensities of high-frequency modes typically do not and the concentrations used were typically gk 208k ~
change significantly with temperature, changes in absolute 0.15/cm for 800 nm excitation at 278 K, @Qghm 208k~ 0.03/
Raman cross sections can provide information about thecm for 800 nm excitation at 95 K, Qfghnm 29sx~ 1.5/cm
excited-state dynamics. A self-consistent model of the for measurements with 850 nm excitation at 278 K, and
absorption spectrum and the excitation-wavelength-dependen©ODggonm 208k~ 1.2/cm for 870 nm excitation at 95 K. The
resonance Raman cross sections can then be used to develdpll spectra were then obtained separately using a more
a multidimensional excited-state potential energy surface concentrated solution (ODx 3.0/cm) without ethylene
model and a description of the electronic state relaxation glycol.
rates, as has been demonstrated for other photobiological Resonance Raman spectra acquired at 278 K of rapidly
systems (Loppnow & Mathies, 1988; Morikis et al., 1991; flowing solutions of RCs were obtained as described previ-
Myers et al., 1983; Phillips & Myers, 1991; Sue & Mukamel, ously (Cherepy et al., 1994, 1995; Shreve et al., 1991).
1988). Excitation powers at all temperatures and wavelengths were
Here we present resonance Raman spectra of B, H, and Rypically 5 mW for measuring the full spectra and 2 mwW
at both 95 and 278 K with excitation on resonance with their for measuring the relative intensities in the 50% ethylene
Qy transitions. Our previous studies at 278 K of the B and glycol solution. The 95 K experiments employed a Harfey
P bands identified many common modes as well as someMiller low-temperature cell, in which the 1 mm i.d. sample
unigue modes for each chromophore (Cherepy et al., 1994;capillary is cooled by circulating cold Ngas through the
Shreve et al., 1991). We have now obtained spectra at 95cell. Raman spectra were recorded with a cooled CCD
and 278 K exciting in the @Xransitions of B, H, and P. We  detector (LN/CCD-1152, Princeton Instruments) coupled to
have also quantified the Raman scattering strength of eacha subtractive-dispersion, double spectrograph (Mathies & Yu,
chromophore by using an internal standard. While the 1978) equipped with 600 g/mm grating and one 1200 g/mm
Raman cross sections of P are approximately independenigrating, both blazed at 750 nm (10 chentrance slit). We
of temperature, the scattering cross sections of B and H arehave employed the shifted-excitation Raman difference
found to be dramatically temperature dependent. The technique described in our earlier work (Cherepy et al., 1994,
multimode information provided by the Raman spectra and 1995, 1996; Shreve et al., 1991, 1992) to acquire Raman
their analysis will aid in the interpretation of other vibronic spectra in the presence of the intrinsic fluorescence back-
spectroscopic experiments such as the photochemical holegground from P* (Zankel et al., 1968). All spectra were
burning of P (Johnson et al., 1989; Klevanik et al., 1988; corrected for the wavelength dependence of the detection
Meech et al.,, 1985; Middendorf et al., 1991) and the system by use of a standard lamp. Frequency calibration
oscillations observed in femtosecond time-resolved stimu- for the spectra is accurate to 3 cnr™.
lated and spontaneous emission from P* (Stanley & Boxer, Since the laser excitation may result in bleaching of the P

1995; Vos et al., 1991, 1993). band, precautions must be taken to quantitatively measure
resonance Raman cross sections. Measurements of the
EXPERIMENTAL SECTION Raman intensities of P were made with 0 mW excitation,

RCs were isolated from wild-type and the R-26 mutant depending on the extinction coefficient at the resonant
of Rb. sphaeroideas described previously (Okamura et al., wavelength. Since Qcontaining RCs have a®a™ — PQu
1975; Schenck et al., 1982). @epleted RCs exhibit faster ~ recombination time of about 100 ms, which is long compared
recombination to the ground state, but they are unstable wherto the transit time of the sample through the bear@§us),
flowed at high speed at ambient temperature. Therefgre, Q a correction for bleaching may be required. This correction
containing RCs suspended in buffered detergent solutionwas applied to P cross sections with excitation between 830
(0.025% LDAO, 10 mM TRIS, pH 8) or in a solution of and 910 nm. The exact correction applied to each measure-
buffered detergent and 50% ethylene glycol were used to ment varies with excitation wavelength and with the power
acquire all spectra at 278 K. Experiments at 95 K were used for each measurement.
performed on @-depleted RCs. For the B and H spectraat  The photoalteration parametérfor a cylindrically focused
95 K, R-26 RCs were used, while for the P spectra, wild- beam is defined as (Mathies et al., 1976)
type RCs were employed.In order to produce optically F=0,®Plav (1)
clear glasses, RCs were suspended in buffered detergent and
60% glycerol, or in a mixture of buffer, 30% glycerol and Wwhereao, is the absorption cross section € 4.21 & at
50% ethylene glycol. 850 nm and 278 K)®, the photochemical quantum yield,
is ~1 for the special pairP is the photon flux in photons
2\ild-type RCs were used in these experiments because triplet- per seconda is the beam dimension perpendicular to the

state P, which would be generated under these conditions, is long-flow direction (0.1 cm in a 0.1 cm i.d. capillary), andis
lived in the carotenoidless mutant and may absorb in the same spectralthe linear flow velocity (200 cm/s)

region as the initial ground-to-excited state transition of P. We have . 1 .

verified that wild-type and R-26 RCs have the same P Raman spectrum  1YPical F values are-0.10 mW™ x P whereP is the

at 278 K, and we assume that their 95 K spectra are also the same. excitation power in mW. The effective fraction of photo-
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N T T — spectrum, but was not fit in the SERDS spectrum due to the
© B Raman spectra increased noise in this region. _ 'I_'he 182 ¢émode in the

278 K spectrum appears to split into the 159 and 186cm
modes at 95 K.

The resonance Raman spectra of H at 278 and 95 K, taken
with 760 nm excitation, are presented in Figure 3, panels A
and B, respectively. These SERDS spectra of H are more
difficult to fit than the B and P spectra due to the presence
of more overlapping modes. As a control, the direct-detected
spectrum of H was obtained at 95 K over the 5A000
cm ! range (not shown). Despite the difficulties in flat-field
correcting the direct spectrum, the data agree very well with
the SERDS spectra. Since only the mid-frequency region
” of the H spectrum was acquired at 278 K, we are only able
m to examine the temperature dependence of modes in the

500-1250 cn1! range. Several of the peaks observed at

0 500 1000 1500 278 K split into two or more peaks at 95 K, probably due to

Raman Shift (cm’') narrowing of the Raman line widths at lower temperature.
Ficure 2: (Top) Raman spectrum of B at 278 K obtained using For example, the 765 cm peak is reSOIV,ed,'mo the 753
800 nm excitation and the SERDS techniqde=t 278 K, P = and 773 cm! modes, the 844 cm peak splits into peaks at
5—-8 mW). (Bottom) Raman spectrum of B at 95 K obtained using 839, 845, and 852 cm, and the 972 cm' band produces
800 nm excitationR = 5—8 mW). Spectra adapted from Cherepy the 969 and 980 cnt modes. The relative intensities of
et al. (1997a). the H modes and their frequencies are summarized in Table
2 (Supporting Information).

Comparison of the resonance Raman spectra of H with

the room-temperature BPheo Fourier Transform (FT) Raman
f=[1— (LF)(1 — exp(—F))] (2) spectra (Mattioli et al., 1993) and&h5 K site-selection
emission spectra (Renge et al., 1987) of BPheo is useful in
The observed relative Raman cross sections were multipliedidentifying BPheo bands and in revealing how the chro-
by 1/(1— f) to correct for bleaching of the sample as it passed mophore is perturbed by protein binding. Some of the modes
through the excitation beam. For example, the ratio of the in the Raman spectra acquired with excitation in the H
intensity of the 730 cmt RC mode to the 864 cm ethylene absorption at 760 nm originate from resonance enhancement
glycol mode acquired with an excitation power of 2 mW, from the 0-1 vibronic transition of B. Comparisons of the
would be multiplied by a factor of 1.15 to obtain the actual calculated Raman excitation profiles for the B modes with
relative intensity. the vibrational spectra of BPheo allow us to identify the B

Qa-depleted R-26 RCs have a recombination time-@f modes in the H spectra (see Table 2, Supporting Information).
us and were used to acquire the B and H spectra at 95 K; The modes of B, which show strongest enhancement with
however, it was found that the Raman intensities of B and 760 nm excitation, are in the 56®00 cn1* range (Cherepy
H at 95 and 278 K were independent of the oxidation state et al., 1997a). Thus, we predict that the B modes at 682,
of P and whether @containing or Q-depleted RCs were 721, 731, 744, 892, and 1018 chunderlie or may be the
used. For the low-temperature experiments on R; Q sole source of the bands in the 760 nm H spectrum at 685,
depleted wild-type RCs were used because they have ar24, 735, 748, 897, and 1023 cthn This is consistent with
ground-state recombination time of 70 ns. This recombina- the observation that neither the FT Raman spectrum nor the
tion time is about 1000 times faster than the mean time site-selection emission spectrum of BPheo exhibits strong
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altered molecules sensed by the Raman experinfer,
determined by the photoalteration parameker,

between absorptionsd) of 80 us, which is given by modes at these frequencies.
The resonance Raman spectra of P at 278 K (850 nm
7, = AloP 3 excitation) and at 95 K (870 nm excitation) are presented in

) ) i Figure 4. Table 3 (Supporting Information) lists experi-
whereo is the absorption cross sectionZ.9 AYmolecule  mental mode frequencies and relative intensities for P at 95
at 8_70 nm, 77 K)P is the laser power in photons per second gn4 278 K. All the Raman lines reported previously
(typically ~2 x 10* photons/s at 870 nm and 5 mW), and (Cherepy et al., 1994: Shreve et al., 1991) are observed, along
A'is the excitation area~5 x 10°* c?). Due to the fast  yjith a few smaller peaks that can now be identified because
recombination of @-depleted wild-type RCs, it was un-  f improved data and data analysis methods. Relatively
necessary to correct for photobleaching of the stationary weak P modes at 622, 932, 1011, 1050, 1070, 1099, 1257,
sample used for measuring the cross sections at 95 K. and 1278 cmt are now observed in the 278 K spectrum,

while the 128 cm?! feature was found to be better fit by

RESULTS two modes at 127 and 145 cfn

The Raman spectra of B obtained with 800 nm excitation  The low-frequency region of the P spectrum changes
at 278 and 95 K from Cherepy et al. (1997a) are presentedsignificantly upon cooling to 95 K. The 278 K spectrum
in Figure 2 for reference. Table 1 (Supporting Information) contains a pair of strong modes at 127 and 145'cnvhile
summarizes the Raman frequencies and intensities of B. Thethe 95 K spectrum has only a weak mode at 132cin
278 and 95 K spectra exhibit only a few minor differences. this range. Other differences are much less remarkable: the
The mode at 85 cnt which is clearly resolved at 95 Kmay 70 cni? peak in the 278 K spectrum is resolved into the 64
also be present as a feature 80 cn? in the 278 K and 82 cm* modes at 95 K, and the 96 cihmode shifts to
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H spectrum at 278 K
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Ficure 3: (A) Mid-frequency Raman spectrum of H at 278 K obtained using 760 nm excit®ien 3—8 mW). (B) Complete Raman

spectrum of H at 95 K obtained using 760 nm excitatiBr= 5—8 mW). The residuals, the raw data, the least-squares fits to these data,
and the spectra generated from the least-squares fits are shown from bottom to top, respectively.

101 cntl. The 187 cm! band is resolved into peaks at 168 x 107 A2at 278 K and 850 nm excitation (6 measurements)
and 179 cm?! at 95 K. The modes at 262 and 291 ¢hin and (0.80+ 0.24) x 1077 A2 at 95 K and 870 nm excitation
the 95 K spectrum seem to be present in the SERDS (6 measurements).Thus, the P Raman cross sections are
spectrum at 278 K, but were too weak to be fit reliably. independent of temperature within their experimental un-
Similarly, the 560, 763, 780, 790 crh and other higher  certainties. The Raman cross sections of the 731 cnode
frequency modes observed in the 95 K spectrum were notof B with 800 nm excitation are (3.74 0.92) x 1077 A2 at
significantly stronger than the noise level in the 278 K 278 K and (13.6+ 2.0) x 1077 A2 at 95 K (Cherepy et al.,
spectrum. Weak high frequency modes at 1618, 1650, and1997a). Therefore, the absolute Raman cross sections of B
1681 cn1! observed in the low-temperature spectrum cor- are a factor of~6.5 times larger than the P cross sections,
respond to carbonyl stretches that are sensitive to theand the difference between the P and B cross sections
environment and hydrogen bonding of the dimer. increases to a factor of17 at 95 K.

The spectra in Figure 5 demonstrate that the frequencies The Raman cross sections of H at both 278 and 95 K are
and relative intensities in the Raman spectrum of P are of approximately the same magnitude as those of B. It is
independent of excitation wavelength. Figure 5A shows the difficult to reference them to the 864 crhethylene glycol
Raman spectra of P obtained at 278 K with 850, 870, and mode due to the interference of the H modes which lie
890 nm excitation, while Figure 5B shows spectra acquired between 840 and 880 crhas well as the presence of B
with the same excitation wavelengths at 95 K. There appearmodes in the 760 nm excited spectrum. To clarify the source
to be some differences in the low-frequency spectral region of the scattering with excitation below 800 nm, spectra of a
between the 95 and 278 K spectrum; a reduction in intensity dilute 50% ethylene glycol sample were acquired with
of the 127 and 145 cm modes is apparent in all the 95 K excitation from 760 to 800 nm (Figure 7). The appearance
spectra. of the 651 cm! mode with 760 nm excitation clearly marks

The Raman excitation profile for the 730 chRC mode it as an H mode, while some of the overlapping modes
is presented in Figure 6. Figure 6A shows the excitation appearing in the H spectrum, such as the modes in the 730
profile at 278 K, while Figure 6B presents the available
Raman scattering intensities at 95 K. The absorption s yye haye chosen 850 nm excitation at 278 K and 870 nm excitation
spectrum at each temperature is presented for comparisonat 95 K because the P band shifts with temperature and these two points
The absolute intensity of the 730 clhRC mode was are at the same relative position in the P band at these two temperatures

; i (see Figure 1). The extinction coefficient at 298 K~r$09 000 M1
determined for the P chromophore at 278 and 95 K utilizing - © =cc0 nm. and at 77 K it is:65 000 M cm- at 870 nm. The

50% ethylene glycol-cont_aining samples. The average absorptlon spectra do not change significantly between 77 and 95 K
absolute Raman cross section measured for P is {0.339) nor between 298 and 278 K.
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excitation at 278 K. (B) P spectra acquired with 850, 870, and
890 nm excitation at 95 K. The spectra are scaled to give the same
height of the 730 cm! band.

Ficure 4: Raman spectrum of P at 278 K obtained using 850 nm
excitation and the SERDS techniqi®=€ 5—8 mW) and the Raman
spectrum of P at 95 K obtained using 870 nm excitati®r=(5—8
mW). The residuals, the raw data, and the least-squares fits to ) )
these data are presented for the 95 K spectrum. reported earlier (Palaniappan et al., 1992). However, recent

low-frequency B and P spectra at 200 K (Palaniappan et al.,
cm! region, may have significant contributions from B 1995) agree quite well with the B and P spectra which we
scattering. The scattering intensity of the 651 éid mode originally presented and with the spectra presented here.
excited at 760 nm is approximately equal to that of the 569 Similarly, earlier spectra reported of H (Bocian et al., 1987)
cm! B mode excited at 800 nm. The Raman scattering of have now been superseded by improved H Raman spectra
B and H are also of about the same intensity at 95 K (data acquired at 200 K (Palaniappan et al., 1995). These recent

not shown). H spectra, acquired with 750 nm excitation, nearly exactly
match the spectrum presented in Figure 3B. Palaniappan et
DISCUSSION al. (1995) find modes at 93, 120, 137, 181, 209, 237, 283,

338, and 357 cm, while we report modes at 90, 121, 139,
Resonance Raman spectra of the B, H, and P chro-184, 209, 235, 282, 336, and 359 ¢ The very close

mophores in the bacterial RC have been obtained at 278 anchgreement between these studies gives confidence in the
95 K, revealing information about their vibronic character- accuracy of these spectra and the conclusions derived
istics and excited-state dynamics. The vibrational modes therefrom.
active in the resonance Raman spectra of B and H are gpectral Analysis While the detailed analysis and as-
coupled to the electrom_c transitions from which energy signment of the Raman modes is not our primary focus, we
transfer to P occurs. Since energy transfer occurs veryyjj| discuss several qualitative features of the spectra. The
rapidly, these modes may also directly couple to the energy resonance Raman spectra of B show that the accessory BChls
transfer reaction. Similarly, the resonance Raman spectrumgq relatively unperturbed by their inclusion in the protein

of P reveals the nuclear distortions which couple to the magrix; since their spectra agree well with the vibrational
transition from which electron transfer occurs. The Raman spectra of BChl in solution, in films and in other photosyn-

spectra of B, H, and P reveal the nuclear motions that arenetic proteins. In a previous paper, we compared the B
most important to the photophysics of the chromophores. nodes with known BChl modes, and were able to assign
Furthermore, information about excited-state dynamics can many of the modes above 600 ch{Cherepy et al., 1994;
be obtained from the resonance Raman cross sections anghjers & Bocian, 1995: Johnson & Rubinovitz, 1991: Mattioli
their temperature dependence. et al., 1993; Noguchi et al., 1991; Reddy et al., 1991; Renge
When we reported the SERDS resonance Raman spectrat al., 1987; van der Laan et al., 1992). Furthermore, the
of B and P at 278 K (Cherepy et al., 1994), we noted mode frequencies and relative Raman intensities of B are
significant differences between the B spectrum and that essentially temperature independent. Good agreement is
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FIGURE 6: (A) Raman excitation profile for the 730 cthmode of Raman Shift (cm’)

RCs at 278 K obtained from-16 data sets for each excitation
wavelength. All intensities measured in the P band are corrected FIGURE 7: Mid-frequency portion of the SERDS spectrum of RCs
for bleaching as described in text. Excitation powers range from obtained at 278 K using 760, 770, 780, 790, and 800 nm excitation
2to 6 mW. (B) Raman excitation profile for the 730 chmode of a sample in a 50% v/v mixture of buffer and ethylene glycol
of RCs at 95 K. Multiple measurements with 800 and 870 nm (o0.d. at 800 nm= 0.08). The Raman scattering from H, gauged
excitation at 95 K and their standard deviations are shown. Only by the strength of the 651 crhmode in the 760 nm spectrum, is
one measurement at 810 and 890 nm was made. Excitation powersabout as strong as that from B, gauged by the strength of the 569
range from 3 to 6 mW. cm~! mode with 800 nm excitation. Spectra have been scaled to
give a constant 864 cm ethylene glycol intensity.

found between the mode patterns of the resonance Raman,ming closer together, thus changing their excitonic cou-
spectra of H and the room-temperature Fourier transform pjing shifting the lower exciton transition to lower energy
(FT) Raman spectra of BPheo (Mattioli et al., 1993) and the (Thompson et al., 1990, 1991). A change in intermolecuiar
5 K site-selection emission features (Renge et al., 1987) of yistance in the dimer with temperature would not be
BPheo. This similarity suggests that the BPheo mOIeCUIessurprising. It has been shown that the P band shifts to the
in th(_a RQ are not significantly distorted from their conforma- o4 when the pressure is increased and it is likely that
tion in vitro. reduction in temperature has a similar effect (Small, 1995).
Comparison of the P and B spectra helps to identify modes |t is thus reasonable to conclude that the changes in the low-
that are unique to the protein-bound BChl dimer P and may frequency P spectra are induced by temperature-dependent
be significant in its photochemistry. The most obvious changes in the coupling of the two P chromophores.
differences between P and B are in the low-frequency region. |n exploring the implications of the enhanced low-
At 278 K there are relatively strong modes-a83, 70, 96,  frequency modes on the electron transfer dynamics, it is very
127, and 145 cm' in the P spectrum, while in B this region  helpful to compare the resonance Raman spectrum of P with
has only a weak mode at 117 chand possibly weak modes  the power spectrum generated from the oscillations super-
at ~60 and~85 cnt’. The new low-frequency modes imposed on the femtosecond stimulated and spontaneous
appearing in the P spectrum are likely to have some emission of P*. The Raman modes report on the motions
intradimer character, and thus may be mechanistically coupled to the P transition, while the oscillations in the
implicated in the electron transfer from P*. femtosecond spectra correspond to coherent nuclear motions
The most important temperature-dependent changes in theoccurring in the excited state of P which decay on the time
P spectrum also occur in the low-frequency region. The 278 scale of electron transfer. Since the vibrational frequencies
K spectrum is dominated by a pair of strong modes at 127 and relative intensities of the Raman spectrum of P are in
and 145 cm?, which are replaced in the 95 K spectrum by very good agreement with the power spectrum of the
aweak mode at 132 cth  Furthermore, the 187 crhmode femtosecond oscillations, it is likely that they correspond to
at 278 K seems to shift and split into the 168 and 179%tm the same motions. The oscillations in the stimulated
modes at 95 K. This temperature dependence supports themission of P* have been measured at 10, 100, and 298 K
suggestion that these modes have significant intradimer(Vos et al., 1994a,b). Oscillations in the spontaneous
character. When the temperature is decreased, there is a redmission have been measured at 82 K (Stanley & Boxer,
shift of the absorption spectrum of P (see Figure 1). This 1995). Low-frequency oscillations in the 298 K stimulated
may in part be due to the two BChl molecules of the dimer emission have frequencies of 30, 84, 145, and 192'cm
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which nicely match the 278 K Raman modes at 33, 70, 96, slower than the energy transfer from B* to P (Stanley et al.,
127/145, and 187/204 crth The 10 and 100 K stimulated  1996). It is unclear how energy transfer from H proceeds.
emission oscillation frequencies at 15, 69, 92, 122, 153, and The depopulation of the H excited state may be due to energy
191 cnt! are generally in very good agreement with our P transfer to B, or direct energy transfer to P may occur.
modes at 36, 64/82, 101, 132, 168/179, and 204'criThe Modeling of the Raman excitation profiles of H in conjunc-
only difference is that the low-temperature Raman spectrumtion with its absorption spectrum utilizing the spectra and
contains only a weak 132 crhmode in the 127145 cn1? intensities presented here may lead to better understanding
range. Intriguingly, Vos et al. (1994a) report that th&27 of the excited-state dynamics of H.
cm ! oscillation undergoes more rapid vibrational dephasing The Raman cross sections of P are temperature indepen-
(~200 fs) than the other modes-%00 fs), suggesting that dent and weak, suggesting either rapid temperature-inde-
this mode may have unique characteristics, such as a changeendent vibronic dephasing or that a more complicated
in frequency or anharmonicity in the excited state. In description of its excited state may be necessary (Cherepy
contrast, the 82 K spontaneous fluorescence from P exhibitset al., 1997b). If it is assumed that the excited state of P is
an intense Fourier component atL00 cnt! and lacks a  a simple exciton state and that the P band is broadened
strong~127 cnt! mode; this behavior is more consistent through coupling to its own molecular modes and to bath
with our 95 K Raman spectrum. To further explore the modes, then a large homogeneous line width (735'dmrl
temperature dependence of thd27 cnt! Raman mode,  width at half-maximum, corresponding to a dephasing time
we acquired a spectrum of P at 150 K. This spectrum also of 24 fs) is necessary to simultaneously fit the Raman cross
lacks a strong feature in the 12@50 cnT? region, similar sections and the P absorption band (Cherepy et al., 1997b).
to the 95 K spectrum in Figure 4B. Thus, the weakening of However, modeling of the hole-burning spectrum of P using
the 127 cm?® mode of P on cooling from 278 to 95 K and  a simple single excited state potential surface indicates strong
the appearance of the strong 101 émode is in agreement  coupling and a slow dephasing time at low temperature, in
with the spontaneous emission oscillations. Conversely, thecontradiction with the weak electremuclear coupling
stimulated emission oscillations found by Vos et al. (1994a,b) suggested by the modeling of the Raman cross sections. The
at 10, 100, and 298 K are consistently dominated by the 122/small Raman cross sections may also be explained by a
153 cm! modes. These results indicate that there is a model such as that proposed by Friesner and co-workers, in
significant temperature-dependent difference in the nuclearwhich the P band is broadened through the coupling of the
motions coupled to the optical excitation of P. lower-exciton state to a charge transfer state (Lathrop &
Absolute Raman Cross Section& surprising feature of  Friesner, 1994). In this model, the 860 nm band corresponds
the RC is the difference in magnitude of the Raman crossto a state containing an admixture of a lower exciton state
sections between the chromophores (Cherepy et al., 1994)and a dark charge transfer state. A different formulation of
The ubiquitous 730 cmt mode provides a good basis for this type of model has been advanced by Small et al. (1995),
comparison. The cross sections for the 730" tmode of where the lower exciton P state is coupled to a quasi-
P are a factor of-6.5 times smaller than the B cross sections degenerate 85~ state. Either of these proposed excited-
at 278 K, but the H cross sections are similar to those of B state structures would allow the modeling of the broad P
at both 95 and 278 K. While the P cross sections are nearlyband with weak electrennuclear coupling within the exciton
temperature independent, the B and H cross sections increasstate, but strong effective electrenuclear coupling resulting
by a factor of~3—4 when the temperature is reduced to 95 from the coupling between the exciton state and a charge
K. At 95 K, the P scattering intensity is17-fold weaker  transfer state. While this approach has been shown to
than that of B and H. reproduce hole-burning results (Lathrop & Friesner, 1994),
The absolute Raman intensities of B measured with 800 the implications for Raman cross section calculations have
nm excitation increase by a factor o4 when the temper-  not been explored in detail.
ature is decreased from 278 to 95 K. Since the population Since the Raman cross sections of P are approximately
lifetime for B corresponds to the-100 fs energy transfer  temperature independent, this may be an indication that the
time from B* to P (Jia et al., 1995; Martin et al., 1986; excited state dephasing time of P is very rapid. The overall
Stanley et al., 1996) and is only slightly temperature electronic dephasing time is comprised of contributions from
dependent, the strong temperature dependence of the Ramapopulation relaxation and pure dephasing. Temperature-
cross sections of B must be due to pure dephasing arisingindependent dephasing is consistent with a population
from low-frequency protein/solvent modes coupling to the relaxation-controlled process. Coupling of multiple excited
B transitions which become thermally activated as the states could also lead to temperature-independent dephasing,
temperature increases. In the absence of the specifics okimilar to that observed for fast population relaxation.
available bath modes and coupling strengths, we haveSchomacker and Champion (1989) examined the temperature
modeled the pure dephasing with a Gaussian homogeneouslependence of the Raman spectrum of ferrocytochrome
line width that increases with temperature. A full analysis and found little variation of the Raman cross sections as a
of the temperature dependence of the scattering of B as wellresult of the rapid temperature-independent population
as a model for its vibronic properties can be found in Cherepy relaxation time of~14 fs. Since pure dephasing processes
et al. (1997a). generally result from coupling to low-frequency solvent
Since the Raman cross sections of H are of similar modes and thus are temperature dependent, a dephasing time
magnitude and display similar temperature dependence towhich is not temperature dependent probably contains no
those of B, it is likely that the electronic and nuclear contributions from pure dephasing. In contrast, the room-
dynamics of H resemble those of B. The strong temperaturetemperature population lifetime of B*, due to energy transfer
dependence of the H cross sections also indicates that ther¢o P, is~100 fs (Jia et al., 1995; Martin et al., 1986). In
are significant pure dephasing contributions at room tem- this somewhat longer time, our data show that pure dephasing
perature. The energy transfer from H* to P is about 2 times from the protein solvent can become significant, causing the
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Raman cross sections to have a strong temperature depen-oppnow, G. R., & Mathies, R. A. (1988iophys. J. 5435-43.
dence. Martin, J.-L., Breton, J., Hoff, A. J., Migus, A., & Antonetti, A.
In conclusion, the vibronic properties of the chromophores M (1h986) Em; \’(\IatINA$adigs7(§' UF-{S-A- 8%57_961- 9350
in the bacterial reaction center have been characterized.Mathies, R., & Yu, N.-T. (1978). Raman Spectrosc, :

Temperature-dependent changes in the low-frequency spec!vI %2:?%_5_’)?73;?2’ A-R. & Stryer, L. (1976yoc. Natl. Acad.

trum of P suggest that there is a temperature dependence ofsattioli, T. A., Hoffmann, A., Sockalingum, D. G., Schrader, B.,
the vibronic structure of P. Strong temperature dependence Robert, B., & Lutz, M. (1993)Spectrochim. Acta 49A785—

of the Raman cross sections of B and H indicates that there 799.

is significant pure dephasing due to low-frequency protein Mattioli, T. A., Williams, J. C., Allen, J. P., & Robert, B. (1994)
modes, while the weak temperature-independent cross sec-  Blochemistry 331636-1643.

. . A . Meech, S. R., Hoff, A. J., & Wiersma, D. C. A. (198&hem.
tions of P are consistent with a fast, bath-independent Phys. Lett. 121287-292.

dephasing time. The Raman spectra of B and H identify migdendorf, T. R., Mazzola, L. T., Gaul, D. F., Schenck, C. C., &
the modes that may be coupled to the energy transfer from Boxer, S. G. (1991). Phys. Chem. 9510142-10151.

B and H. The modes observed in the resonance RamanMorikis, D., Li, P., Bangcharoenpaurpong, O., Sage, J. T., &
spectrum of P are in good agreement with the vibrational ~Champion, P. M. (1991). Phys. Chem. 93391-3398.
oscillations that modulate the emission from the excited state MVF?I:S’ A?gBébaH—agllz’ R. A, & Mathies, R. A. (1983). Chem.

of P and may be coupled to electron transfer. Thg propertiesNoguﬁ'i’ T, FurukaWa, Y., & Tasumi, M. (199Bpectrochim.
measured in these spectra may be used to detail the nuclear acta 474 1431-1440.

distortions that occur upon chromophore excitation and to Okamura, M., Isaacson, R. A., & Feher, G. (19P5c. Natl. Acad.
derive information on vibronic relaxation processes. Quan-  Sci. U.S.A. 723491-3495.
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