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Emission from the Monomeric Bacteriochlorophylls

Brett A. King, Tim B. McAnaney, Alex deWinter, and Steven G. Boxer*
Department of Chemistry, Stanford Warsity, Stanford, California 94305-5080

Receied: May 11, 2000; In Final Form: June 29, 2000

Ultrafast singlet excited state energy transfer occurs from the monomeric bacteriopheophytin (H) and
bacteriochlorophyll (B) chromophores to the primary electron donor or special pair (P) in bacterial
photosynthetic reaction centers. Because of rapid quenching of the singlet excited state of B by energy transfer
to P, B emission has not previously been observed in functional reaction centers. Using fluorescence
upconversion, spontaneous fluorescence associated with the monomeric bacteriochlorophylls is observed for
excitation of the monomeric bacteriochlorophylls and bacteriopheophytins at 85 K. The decay kinetics of the
fluorescence match the kinetics of the rise of emission fi®nthe ultimate acceptor of singlet energy.
Together with measurements of the time-resolved fluorescence anisotropy, the data sugtgeist futulated

in the energy transfer pathway frotal to P. By exciting H in wild-type and in the reaction center mutant
M182HL, where contributions from the chromophores in the B sites on the L and M sides are spectrally
resolved, the amplitudes of the kinetic traces at several wavelengths between 790 and 825 nm can be used to
construct the time-resolved emission spectrumBfThe Stokes shift of the accessory bacteriochlorophylls

in wild-type on the femtosecond time scale is close to zero, while for the monomeric bacteriopheophytin in
the By binding site in the M182HL mutant, the Stokes shift is less than 100.chnese results have significant
implications for the mechanism of ultrafast energy transfer in the reaction center.

The bacterial photosynthetic reaction center (RC) is respon-
sible for the initial light-driven charge separation events in
photosynthesis. Light energy absorbed by antenna complexes
is funneled to the special pair in the RC, alRltransfers an
electron to an electron acceptor, rapidly trapping the excitation
energy in a transient charge-separated species. In isolated RCs,
excitation of the special pair can be achieved by rapid singlet
excited state energy transfer from the monomeric bacteriopheo-
phytins and bacteriochlorophyfis3 A schematic diagram
illustrating the arrangement of the chromophores that are
relevant to both the energy and electron-transfer processes is
shown in Figure 1 (top panel) based on the X-ray structure,
and a putative singlet excitation energy transfer scheme paral-
leling the structure is shown in Figure 1 (bottom panel). The
chromophores labeled Band By are monomeric bacteriochlo-
rophylls on the functional and nonfunctional sides, respectively,
of the RC; the chromophores labeled &d H, are monomeric
bacteriopheophytins on the functional and nonfunctional sides,
respectively. Functional is used here to denote the electron-
transfer proces& — P™H_~ which is found to occur almost
exclusively in wild-type RCs at all temperatures, despite the
structural symmetry of the RC that suggests #ifat> PTHy~
might be equally likely to occur.

It is possible to study the rate of singlet energy transfer from
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the B and H chromophores to P by femtosecond transient _Figure 1. (Top panel) schematic diagram of the chromophores involved

absorption spectroscopy or by measuring the riselRf

in the energy and electron-transfer processes of isoRitedphaeroides
photosynthetic reaction centers taken from the X-ray struét(Bettom

fluorescence using fluorescence upconversion. In earlier work, panely “schematic energy level diagram taken from the absorption

our group and others showed that energy transfer fi®m- P
and fromH — P is very fast 35 By using the mutant
M214LHS7 (the 8 mutant, where a bacteriochlorophyf,,
replaces H), in which selective excitation of. or Hy is

spectrum at 77 K illustrating possible energy transfer pathways
paralleling the structure in the top panel.

possible, we showed that the rates of energy transfer to P along
the L and M branches are comparabM/e also demonstrated
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bacteriochlorophylls of the special pair dimer in the heterodimer
mutant, M202HL, energy transfer frodB_. — P is slowed
relative to'By — P89

Singlet energy transfer from the monomeric bacteriopheo-
phytins to the special pair in wild-type RCs requires more time
than from the monomeric bacteriochlorophyllghis is not
surprising since Hand Hy are considerably further from P than
BL and By (center-to-center distancesl7 A for H vs ~10 A
for B). The greater distance, along with the presumed negligible
spectral overlap betweéhl emission and P absorption, makes
direct energy transfer betweéhl and P on this time scale
unlikely. A more reasonable model is that energy transfer occurs
sequentially, first from'H to B and then fromB to P. Given
the independently measured rate constants fteim—~ P and
from 1B — P, the rate constant froftH — B should be
comparable to that fromiB — P (see AppendiXj.If 1B is a
real intermediate in the energy transfer pathway, then a
detectable transient excited state population®fwould be
present about 100 fs after excitation of H. Alternativélt,—
P energy transfer could involviB as a virtual intermediate;
that is, energy transfer could occur by a superexchange
mechanism. In this case, it would not be possible to directly
detect theéB population. In the following, we use fluorescence
upconversion to measure the excited state dynamic&Bof
following excitation of the H or B chromophoresihodobacter
sphaeroidesRCs. In addition, the time-resolved emission
spectrum of!B is obtained following excitation of H, giving
information on the Stokes shift of the monomeric bacteriochlo-
rophylls in situ. This is relevant to the underlying mechanism
of ultrafast'B — P energy transfer and our hypothesis that
comparison of the rates &8, — P vs'By — P energy transfer
may probe differences in the electronic interactions on the L vs
M sides of the RC that are relevant to unidirectional electron
transfer.

Experimental Section
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Figure 2. Absorption spectra (solid) and fluorescence spectrum
(dashed) in the Qregion at 77 K for Q-reduce®b. sphaeroidewild-

type (A) and mutant M182HL in which a bacteriopheophwijtabeled

6w, replaces a bacteriochlorophyll in theyBinding site (B). The
vertical arrows illustrate wavelengths used for excitation and the
horizontal bars indicate the excitation widths.

the detection wavelength. The same interference filter was used
for all detection wavelengths. The initial amplitudes (or the
integrated intensities) of the fluorescence decay curves were
multiplied by a correction factor to account for the relative
transmittance of the interference filter at different detection
wavelengths, which was measured separately in a spectropho-
tometer. The range of angles over which the interference filter
was rotated was small enough that refraction of the beam
resulted in a less than 1% change in transmittance, which is
small enough to be neglected. Over the wavelength range of
these experiments, the fluorescence upconversion efficiency of

The low-temperature fluorescence upconversion spectrometerthe nonlinear crystal changes by no more than 3%, which is

has been described in detail previously, along with methods for
measuring fluorescence anisotropies and analyzing the'%ata.
Briefly, samples were excited using a mode-locked Ti:sapphire
laser (Spectra Physics Tsunami) pumped 836 W (all lines)
from an argon-ion laser (Spectra Physics model 2080). For
experiments exciting at 804.5 nm, the pulse widths we8®

fs with a time-bandwidth product typically less than 0.43. The
maximum pulse width used in these experiments wa4o fs
when exciting at 760 nm. Samples were excited at the magic

small enough to be neglected. The corrected initial amplitudes
were then plotted versus wavelength to map out the time-
resolved fluorescence spectra.

Poly-His tagged wild-typ€ (WT) and M182HL mutanRb.
sphaeroidesells were grown semi-aerobically, the RCs were
isolated, and the detergent was exchanged for Triton X-100.
The gene coding for the M182HL mutation was generously
provided by Professor Neal Woodbury; this was then ligated
into the poly-His background for ease of isolatidrHis182 is

angle with respect to the gate beam used for fluorescencetne |igand for the central Mg ion in the bacteriochlorophyll

upconversion with<250 pJ of energy per pulse. Decays were
obtained with a delay line step size of 21 fs/point. Low

that occupies the @ binding site. By replacing this His with a
nonligating Leu residue, the Mg ion is lost, and a bacterio-

temperature was achieved by using a miniature Joule-Thompsonyheophytina is found to occupy the § binding site!? as is

refrigerator (MMR Technologies, Mountain View, CA) and a

readily seen in the absorption spectrum (Figure 2B); this

very thin sample geometry. For wild-type RCs, fluorescence chromophore is denotetis. The M182HL and WT RCs contain
rise and decay curves were measured at 800, 804.9, 807.4, 81G;rotenoid, which is important for experiments using relatively

812.4, 814.9, 820.3, and 825 nm for excitation at 760 nm on

high repetition rate excitatiol. All samples were dissolved in

the same sample under the same conditions (same excitation 1 (v/v) glycerol/buffer (10 mM Tris, 0.1% Triton X-100, pH
power and same monochromator slit width). For the M182HL g 0 solution, and quinone Qwas reduced using sodium

mutant, fluorescence rise and decay curves were measured agjithionite. The RCs were concentrated in order to achieve a

and 819.9 nm for excitation at 750 nm. Each scan required
approximately 10 min, after which the monochromator detection

typically 0.1-0.2 at 800 nm.

wavelength was changed, the phase-matching angle of the BBOResults

crystal was adjusted (by no more than 3° over the wavelength
ranges above), and the interference filter in front of the
monochromator was angle-tuned for maximum throughput of

Time-Resolved Fluorescence fromB. For WT RCs at 85
K, the time-resolved fluorescence at 850 nm for excitation at
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Figure 3. Spontaneous fluorescence (circles) at 85 K from wild-type Figure 4. Fluorescence decays for parallel (solid lines) and perpen-
RCs in the B band region. Panel A shows the emission measured atdicular (dashed lines) polarized excitation and associated anisotropy,
850 nm following excitation in the B band at 804.5 nm. Panel B shows [(t), of wild-type RCs at 85 K for excitation at 804.5 nm and emission
the emission measured at 815 nm following excitation in the H band at 850 nm (A) and for excitation at 760 nm and emission at 815 nm
at 760 nm. Fits to the data are shown (solid line, see Table 1 for (B).

lifetimes) and the cross correlations (dashed) are overlaid. The residuals

f the fit displayed below the data. . . .
of the fits are displayed below the data TABLE 1: Rise and Decay Times for the Major

Components of the Spontaneous Fluorescence frof8 and

P in Wild Type and M182HL Mutant Reaction Centers for
804.5 nm (both B chromophores) and at 815 nm for excitation Excitation at 760 nm and at 804 nm at 85 K

at 760 nm (both H chromophores) are shown in Figure 3. The = <. dow Ao

time-resolved anisotropy for these wavelength pairs is Shown center (nm) (M) 7ise(fS)  Tuecay(fs) anisotropyr
in Figure 4. For e>fC|t§1t|on at 804.5 nm, it is difficult to detect widtype 8045 850 prompt 160+ 12 0.350L 0.014
nearer to the excitation wavelength than 850 nm due to the 040 163+ 54 1130+ 40 0.241+ 0.003

background produced by the frequency-doubled gate beam at 760 815 85-17 199+ 16  0.102+ 0.022
shorter detection wavelengths. For the same reason, 800 nm is 92¢ 178+ 38 97+ 43 —0.01%
our limit of detection for excitation at 760 nm. When H is 1210+ 47

excited at 760 nm, a negative amplitude component is necessayM182HL 804~ 920 145:11 1300+ 106

to fit the rise at 815 nm, indicative of energy transfer to the 760 gzlg 15973i ig ﬁgi gé

emitting state. The lifetime of the rise is 85 17 fs, shorter 1220+ 90

than the 150 fs cross correlation. The decay of the emission ) .
between 800 and 825 nm is essentially monoexponential with a Faster than can be resolved with the 120 fs (fwhm) cross correlation.

o ; ; . bValue from Stanley et &l. ¢ The two femt d ts reflect
a lifetime of 199+ 16 fs associated with 99% of the amplitude theat\txj/i é?]r:rgyi?a?;feer Stepd e_)vgo(aepﬁeo;zﬁ?]rlhg %gfg‘)e;ﬁ;ri ec

and a minor component with about 1% of the amplitude whose p (appears in the rise), while the picosecond decay component is the
lifetime is several picoseconds. The time-resolved emission same one observed for direct excitation of P. See Appendix for further
anisotropy decays initially and stabilizes afte200 fs at a value  discussion.

of 0.102 + 0.022, corresponding to an angle of 44t81.%°

between the H absorption transition dipole moment and the Time-Resolved Emission Spectrum ofB. The corrected
emission transition dipole moment of the emitting species. For relative amplitudes of the fluorescence decay curves (see
excitation at 804.5 nm and emission at 850 nm, the fit requires Experimental Section) measured at wavelengths between 800
two exponential components for the decay (no rise componentand 825 nm for excitation of WT RCs at 760 nm (85 K) are
is necessary), the lifetimes (and amplitudes) of which are 160 shown in Figure 5A. This time-resolved emission spectrum is
+ 12 fs (89+ 2%) and 2.8+ 0.2 ps (11+ 2%). The latter the average of three data sets from two samples. Comparison

component is most likely a small contribution fréfd emission. of data points taken in 2.5 nm steps around the peak of the B
The anisotropy of the major component is 0.3%00.014, band with the absorption spectrum, whose maximum is at 804.5
corresponding to an angle of 168 2.0°. These results are nm at 77 K, indicates that the emission Stokes shift on the
summarized in Table 1. femtosecond time scale is close to O¢érassuming the emission

Emission around the B band is also observed for excitation is from 1B (see below). For 750 nm excitation of M182HL RCs
of the monomeric bacteriopheophytins at 760 nm in the at 85 K, the corrected relative amplitudes of the fluorescence
M182HL mutant (data not shown). The kinetics are similar to decay curves at wavelengths between 790 and 820 nm are shown
those for WT; the lifetime of the major decay component in in Figure 5B. The results are the average of five data sets from
the mutant is 224 22 fs (see Table 1). two samples. The emission is relatively flat between 792 and
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825 800  775mm components with lifetimes (and amplitudes) of 2743 fs (59
(EA B Wild-tyﬁe + 34%), 1.21+ 0.04 ps (39+ 32%), and 14+ 2 ps (3+
P 7™ " ] 2%)14 The latter two decay times and their relative amplitudes
agree with the values fdP decay when P is excited directy.
In previous work® spontaneous fluorescence signals were fit
to a sum of three exponentials, one having a negative amplitude
to account for energy transfer and two having a positive
amplitude to account for the excited state decay. For energy
transfer from'B to P, both a reduceg? value typically less
than 1.2 and unstructured residuals [(fitdata)/fit)] indicate
that the model accounts for the data. For energy transfer from
1H to P, which involves two-step energy transfét — B
followed by 'B — P, fitting the data with three exponential
components is expected and found to be inadequate. With a
three-component fit, the reduced value is typically greater
than 1.4 and the residuals are structured around the rise and
‘ ‘ ‘ peak of the fluorescence signal (Figure 6B). As discussed in
12000 12500 13000 detail in the Appendix, in the two-step energy transfer mech-
Energy (em™) anism, the rate constants fboth energy transfer components
Fig_ure_ 5. Absorption in the Qregion (solid, 77 K) and time-resolved_ should appear in the dynamics . This and the high signal-
emission (dashed, 85 K) spectra of the B band for Q-reduced wild- t5_nojse of the data justify the addition of one more exponential

type (A) and M182HL (B) RCs. The excitation wavelengths for the . : .
fime-resolved emission spectra were 760 nm in wild-type and 750 nm cOmpPonent to the fit. Unstructured residuals are obtained when

in the M182HL mutant. The time-resolved emission spectra were @& Sum of four exponential components is used (Figure 6C and
constructed from corrected amplitudes of the fluorescence decaysAppendix).

collected at 85 K. The error bars show the standard deviation of three

data sets for WT and five data sets for the M182HL mutant. Discussion

Absorption (solid) and Fluorescence (dashed)

Energy Transfer from 1H and !B to P and B Emission.
| The observation of fluorescence between 800 and 850 nm in

Wild-type functional RCs is a significant result, as it has not been
| previously observed, in either steady state or time-resolved
spectra. Using fluorescence upconversion, emission is observed
at 850 nm for excitation in the B band at 804.5 nm in WT RCs
at 85 K (Figure 3A); the lifetime of the dominant component
of the decay is 166t 12 fs. Energy transfer fronB to P as

(1 o counts)

Upconversion Signal

exc = 760 nm

em =920 nm | 3 -
..... s measured by the rise of emission frdf at 940 nm for 804

g | B ' 3 components ] nm excitation is 163t 54 fs> That the decay of emission at
: 850 nm matches the rise of emission fréfsuggests that the

Residuals
&

6 F& * T components excited state probed at 850 nm transfers energy*fcHmission
0 M\/\/V\/WJ\A between 800 and 850 nm is observed for excitation in the H
6L ‘ . ] band at 760 nm in WT RCs at 85 K (Figure 3B shows emission
0 0.5 1 at 815 nm). The emitting state is populated with a lifetime of

Time (ps) 854+ 17 fs (H — B) and decays with a lifetime of 199 16

Figure 6. Spontaneous fluorescence frdf at 920 nm in wild-type 1S (‘B — P). These energy transfer components appear in the
RCs following excitation at 760 nm (A). Two fits are shown: a three- dynamics of'P measured at 920 nm (see Appendix), giving
component fit (dashed) and four-component fit (solid). The residuals rise and decay lifetimes of 17& 38 and 97+ 43 fs,
of the three-component fit (B) and four-component fit (C) are shown respectively, in addition to the 1.2 and 14 ps components
in the lower panels (see text and Appendix). associated with electron transfer fro#® (the picosecond
components are the same as those observed for direct excitation
800 nm and peaks at 805 nm. The corresponding Stokes shiftsof P). In the two-step energy transfer mechanism, the rate
relative to the absorption peak positions qof &d6dy are~35 constants for each energy transfer step should appear in the
and 70-100 cnt?, respectively. For both WT and M182HL, kinetics of both the intermediate and final states, providing an
the decay lifetimes are the same within experimental error at internal check on the mechanism. That the kinetic components
all of the emission wavelengths used to construct the time- of the excited state probed between 800 and 850 nm for
resolved emission spectra (data not shown). excitation of H u are also observed in the rise and decay of
Time-Resolved Emission from'P. The lifetimes of the rise  emission from'P suggests that the excited state transfers energy
of emission from!P in WT and the M182HL mutant are to P. Together with the time-resolved anisotropy discussed
summarized in Table 1. For the M182HL mutant (data not below, the kinetics support the assignment of fluorescence
shown), the lifetimes of the rise of emission frdMmeasured ~ between 800 and 850 nm 8.
at 920 nm for excitation of B or H are comparable to the values  The measured anisotropy exciting B at 804.5 nm and detecting
we have previously reported for WT. Figure 6A shows the rise emission at 850 nm is 0.350 0.014 (Figure 4A). An anisotropy
and initial decay ofP emission for excitation of Hin WT along  of 0.326 is observed in the steady state for bacteriochlorophyll
with fits using three and four exponential components. Fitting a monomers in castor oil at room temperattfidhe agreement
the data with four exponential components yields a rise lifetime between these measurements is consistent with excitation and
(and amplitude) of 178+ 38 fs (—98 + 2%) and decay emission from the same chromophore and suggests that the
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excited state probed at 850 nmB. For excitation of H at is absent and a new, reasonably well-resolved band appears on
760 nm and emission at 815 nm, the time-resolved anisotropy the high energy sidé (Figure 2). Furthermore, in the M182HL
is 0.102+ 0.022, corresponding to an angle of 44:81.9° mutant, the low energy side of the B band is unstructured,
between the H absorption and the emission transition dipole providing no evidence for an absorption feature that might be
moment(s) of the emitting species. Using the atomic coordinatesassigned to P. Photochemical hole burning studies on WT at
from the RC crystal structuteand assuming that the \Q 4.2 K393 photon echo excitation spectra of R26 RCs at 77
transition dipoles are aligned along the nitrogens of ring | and K,32and linear dichroism measurements on WT at 20¢tiow
Il in the bacteriochlorophyll and bacteriopheophytin monomers, features centered at 811, 813, and 810 nm, respectively, which
the angle between theyQransitions of H and B is ~56°, have been assigned ta POn the basis of these assignments,
and the angle between thg @ansitions of Hy and By is ~60°. one would expect to see a structured absorption band in this
Since the emission dipole of B upon direct excitation is rotated region of the spectrum in the M182HL mutant, but no such
~17° from the absorption dipole moment, the anisotropy we feature is apparent. Therefore, if there is a ground state-to P
measure is within the range consistent with energy transfer from absorption band in this region of the spectrum with appreciable
1H to B followed by emission fromiB. We conclude that the  oscillator strength, then it must be under &1d peaked close
identity of the emitting state probed at 815 and 850 nriBis to 805 nm. Such a peak position would maximize overlap with
and that the kinetics reflect the excited state dynamictBof 1B emission, thereby maximizing the rate of energy transfer from
Time-Resolved!B Fluorescence SpectrumObservations ‘B to Py, as mentioned above.
of 1B bear on potential excited state pathways as well as on the Recent work from Scherer and co-workérhas addressed
mechanism of energy transfer in RCs. Jean et al. calculated thathe mechanism of energy transfer in R26 RCs at room
the rate constant of energy transfer fréBto P, according to temperature. Their pumgprobe data identify an absorption
the Faster mechanism, should be an order of magnitude slower feature centered at 825 nm and show rapid spectral changes
than what is observed.The rate constant for energy transfer around 800 nm that are interpreted as a 260%rad shift of
between two pigments is proportional to the spectral overlap 1B over 20 fs. The 825 nm band is assigned toand, as for
between donor emission and the acceptor absorption. Since thelean et al'; the red shift oflB is necessary to achieve sufficient
position of the!B emission band in the RC had not been spectral overlap with a ground state tg Bbsorption. The
measured, Jean et al. used the 190%8tokes shift of isolated ~ spectral shift they observe contrasts with the time-resolved
bacteriochlorophyll in ether solution at room temperatufe, emission spectrum presented here for WT RCs at 85 K, which
placing the emission maximum at 815 nm. To reconcile the shows essentially no Stokes shift on the 100 fs time scale. If
observed ultrafast kinetics and the small spectral overlap 1B — P, energy transfer is important in feeding energy tq P
between'B emission and the dominant absorption of P ascribed the diminished spectral overlap betwe#® emission and a
to its lower exciton band (B, energy transfer to the upper exci- ground state to Pabsorption centered at 825 nm would result
ton state of P (P) followed by fast (-100 fs) internal conversion  in a slower energy transfer lifetime than is observed. It is
to P- was proposed. Jean et al. placed the peak of the absorptiorpossible that a Fster-type mechanism is inadequate to describe
of the upper exciton state at 815 nm, thereby maximizing overlap energy transfer frordB to P, that Scherer and co-workers
with the estimatedB emission, and the oscillator strength of misinterpreted the rapid spectral changes in the B band region,
P+ was assumed to be one-fourth that of. P or both. Data from the M182HL mutant presented below sup-
The corrected amplitudes (see Experimental Section) of the Port the hypothesis that a”Fater-type mechanism is insuffi-
time-resolved fluorescence between 800 and 825 nm following cl€nt.
excitation of WT RCs at 760 nm are shown in Figure 5A. The  Energy Transfer Kinetics in the M182HL Mutant Com-
emission is peaked at 805 nm. These results indicate that thepared to WT. In WT, the B. and By bands are not well
Stokes shift of B emission on the 100 fs time scale and at 85 resolved, making independent measurement of the singlet
K is nearly zero in WT RCs, substantially less than the values excited state lifetimes ofB. and 1By difficult. Presumably,
for monomer bacteriochlorophyla in liquid*® and frozen the fluorescence at all wavelengths between 800 and 850 nm
solutions!® In RCs that fold without incorporating the special has contributions from boti_ and!By, since the B and By
pair, steady state fluorescence frdBexhibits a Stokes shift  absorption bands overlap significantly and the emission spectrum
of ~80 cnt! at room temperatur®:2! The lack of any (Figure 5A) is similarly unresolved. Because the decay kinetics
appreciable Stokes shift in the WT protein indicates that energy at all wavelengths are the same and are essentially monoexpo-
transfer from'B to P happens before significant relaxation of nential, within experimental error, it appears that the excited
the excited state of B. If the overlap & emission with the state dynamics 0B and'By are similar, if not the same. The
ground state to Pabsorption is a significant factor in determin-  separation of the Band 6y absorption bands in the M182HL
ing the rate of energy transfer frodB to P-, as in the mutant RC (Figure 2B) provides an opportunity to probe the
calculations of Jean et al., then the time-resolved fluorescenceexcited state dynamics of the individual accessory chromophores
spectrum reported here indicates that the maximum rate ofin the B binding sites. Again the decay kinetics at all
singlet energy transfer would be achieved only if the ground wavelengths between 790 and 820 nm for excitation at 750 nm
state to R absorption occurs at 805 nm, not 815 nm. are the same and are essentially monoexponential, within
The location of the absorption of the upper exciton state of experimental error. This suggests that the decay of the singlet
the special pair in WT RCs has been the subject of much excited state of the monomer bacteriopheophyp, is similar
debate??24 It is generally thought to overlap with the low to that of the monomer bacteriochlorophyiB, . Furthermore,
energy shoulder of the B band. Most data in the literature are for excitation in the H band, the M182HL mutant exhibits
consistent with B absorption at h|gher energy an@l Bt lower similar energy transfer kinetiCS, measured both for the emission
energy, with the latter contributing most of the intensity to the near the B band and for the rise of emission'®fat 920 nm,
shoulder around 810 n@:25-28 This partitioning of intensity ~ as for WT RCs.
in the 800 nm band is strongly supported by the absorption Measurements ofB lifetimes may be useful for studying
changes in the M182HL mutant where the low energy shoulder alternate charge separation pathways sucHBas— B TH_~
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or 1B — P™B_". There is no consensus on the rate constants teriopheophytins!H_ v, transfer energy first to the accessory
of these events. Using resonance higher-order Stark spectrosbacteriochlorophylls, creatingB, v, which in turn transfer
copy, we have measured a several ps or longer time constanenergy to the special pair. Furthermore, the time-resolved
for 1B, — B_L"H_~ in WT3324and in the M182HL mutan® emission spectrum of the monomer bacteriochlorophylls shows
Van Brederode et al. interpret their transient absorption resultsthat the Stokes shift is-0 cmt, which has implications for

in WT as!B_. — P*B_~ competing with!B, — P, each with a  the position of the upper exciton band of P in singlet energy
360 fs lifetime3® Free of the complications associated with transfer models whereHacilitates fast energy transfer from
transient absorption measurements in the RC, such as overlap!B to P-.

ping absorption bands and transient electrochromic bandshifts,

fluorescence lifetime measurements probe the excited state Acknowledgment. This work was supported in part by a
dynamics directly. In the M182HL mutant, one can observe the grant from the NSF Biophysics Program. The fluorescence
dynamics of' B, or 'y independently. If the scheme proposed ypconversion facilities are supported by the Medical Free

by van Brederode et al. were correct, one would expect to Electron Laser Program of the Office of Naval Research under
measure decay lifetimes of 360 fs fifhy, and 180 fs forllB; Contract N00014-94-1-1024.

however, we see no differences in the lifetimes along the L
and M branches in this mutant or in WT, where wavelength-

. S . i . Appendix

independent kinetics are observed. Further discrepancies will PP

be discussed in part 4 of this serfes. Data Analysis for Sequential Energy Transfer.If energy
Time-Resolved Emission Spectrum of the M182HL Mu- transfer'H — B occurs with rate constam, 'B — P occurs

tant Compared to WT. The corrected amplitudes of the time-  with rate constank,, and!P undergoes electron transfer with
resolved fluorescence decays between 790 and 820 nm aregate constanka:

shown in Figure 5B for the M182HL mutant. The time-resolved i} .

emission spectrum is considerably broader than for WT with a y3ig =2 1p—k3> PH™

peak at 805 nm and a noticeable shoulder around 797 nm. To

avoid overwhelming background problems, the sample must bethen the excited state dynamicsef are described by
excited at 750 nm in order to observe emission at 790 nm (see

Experimental Section). i is excited relatively more thanH kik, [ 1 gt 1

i issi ['P]= e e+
at 750 nm, so one might expect to see more emission at 797 k2 — kl k3 — k1 k3 — k2
nm than at 805 nm; however, the relative amplitudes are about ( 1 1

the same. This can be rationalized by the greater oscillator
strength of B (compared with9y) giving rise to more emission
from 1B_ than from16y. The results suggest that the Stokes
shift for Oy is 70-100 cmr* and for B is ~35 cnrl. The
Stokes shift for monomer bacteriopheophytnin the By o1 — A o kit —lot —kgt

binding site is close to the value of 120 chmeasured at 77 [P1=A ™+ Ae =+ Ae (A2)
K in (2-methyl)THF for isolated bacteriopheophyfilt is
interesting that the rate of energy transfer fré#g to P is the

_ —kat
k3 - kz k3 - kl)e (A1)

or as the more general model function used in fitting:

Thus, in general, the rate constakisk,, andks appear in either
2 ? . the rise or decay ofP and must be accounted for in the fit to
same in this mutant &8, to P in WT. Even with the 76 the data. In the RC the two energy transfer steps are roughly

! . e
108 cm- ”Sto;_?rs shift for O lemlssllon, 9?\9 VV\:OUId e>;pect an order of magnitude faster than electron transfer, theré&fore
substantially different spectral overlap with whatever feature | "2 q1, Note that ifk, > ko, P is expected to rise witks

of the P band absorption is responsible for energy transferin a ;.4 decay with, andks, whereas if, < ko, 1P is expected to

Forster-type analysis. In this case, the observed energy transfer,co \ith ki and decay withk, and ks. Within the range of
lifetime for 16y — P would be different froniB_ — P in this '

. o ) i reasonable rate constants for the RC, the amplitudes of all three
mutant and from#B_y — P in WT, but it is not. This result is

- : components are expected to be significant.
reminiscent of what was observed in fienutant, M214LH, Figure 7 shows simulated data with Poisson-distributed noise

where replacement of the monomer bacteriopheophytin, H it 5" model functions with two and three exponential com-
with bacteriochlorophyll has little effect on the energy transfer ponents along with the corresponding residuals. The rate con-
rate constant measured by the rise!Bf emission despite a stants used fotB — P, (160 fs)1, and the decay ofP, (1.2
substantial shift in absorptioh.This further supports the ps) 1, were measured independently by exciting B and moni-
hypoth_esis that singlet energy _transfer is not predominantly toring the rise and decay of emission frob®5 In each
occurring by a Fster dipole-dipole mechanis#! If the simulation, the rate constant # — B was varied. A Gaussian
relative electronic interactions for energy transfer along the ygss correlation with fwhm of 150 fs (as in our experiments)
functional and nonfunctional sides is proportional to that for 45 used for convolution with the model function (A2). The
electron transfer between the same chromophores, then observagsjguals of the two-component fit exhibit structure characteristic
tions of energy transfer may be relevant to electron-transfer of 4 inaccurate fit of the rise and peak of the fluorescence. It
asymmetry. is seen that only when the lifetime dH — B becomes

In conclusion, the rise of spontaneous fluorescence peakedsignificantly less than the fwhm of the cross correlation, does
near the absorption maximum of the accessory bacteriochloro-the need for adding a third component diminish due to poor
phylls is observed within 100 fs of excitation of the monomeric resolution.
bacteriopheophytins. The time-resolved fluorescence anisotropy Since 1P decay exhibits heterogeneous kinetftg? the
and kinetics suggest that the populatiortBs This is the first experimental data require a fourth component with a lifetime
report of 1B emission in functional RCs and indicates that the of many picoseconds whose amplitude is small (a few percent)
mechanism of energy transfer frotal to P involves'B as a compared to the other components. A typical data set for WT
real intermediate. That is, the initially excited monomer bac- RCs exciting at 760 nm and monitoring emission at 920 is
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Simulated Signal
¢! 0’ counts)

Residuals

Time (ps)

Figure 7. Simulated data with Poisson-distributed noise for excitation of H and emission from P. The rate con¥8ant Bf was fixed to (160

fs)~2, the decay ofP fixed at (1.2 ps)!, and the rate constant &fl — B set to (A) (80 fs)?, (B) (160 fs) %, and (C) (240 fs)'. A Gaussian cross
correlation with fwhm of 150 fs was used for convolution with the model function. The resulting two-component fit (dashed) and three-component
fit (solid) are overlayed with the simulated data. The residuals of the two-component fits (middle panels) and three-component fits (lower panels)
are shown. Parameters for the fits are listed in Table 2.

TABLE 2: Fits to Simulations with the Rate Constant of B References and Notes
— P Fixed to (160 fs}!, the Decay of'P Fixed at (1.2 ps)?, ) ) )
and the Rate Constant of'H — B Varied? (1) Breton, J.; Martin, J.-L.; Migus, A.; Antonetti, A.; Orszag, Proc.
- Natl. Acad. Sci. U.S.A1986 83, 5121-5125.
no. of fit (2) Breton, J.; Martin, J.-L.; Fleming, G. R.; Lambry, J.&lochemistry
H— Bt (fs) components amp (%) 7 (fs) I 1988 27, 8276-8284.

(3) Jia, Y.; Jonas, D. M.; Joo, T.; Nagasawa, Y.; Lang, M. J.; Fleming,

80 2 —97 205 1.35 G. R.J. Phys. Cheml995 99, 62636266.
100 1170 (4) Deisenhofer, J.; Epp, O.; Sinning, |.; Michel, $.Mol. Biol. 1995
3 —87 165 0.98 246, 429-457.
30 1190 (5) Stanley, R. J.; King, B. A,; Boxer, S. Q. Phys. Chem1996
69 54 100, 12052-12059.
160 2 —98 288 2.08 (6) Schenck, C. C.; Gaul, D.; Steffen, M.; Boxer, S. G.; McDowell,
100 1130 L.; Kirmaier, C.; Holten, D. IrReaction Centers of Photosynthetic Bactgria
3 —96 205 0.96 Michel-Beyerle, M. E., Ed.; Springer-Verlag: Berlin Heidelberg, 1990; Vol.
39 99 6, pp 229-238.
61 1190 (7) Kirmaier, C.; Gaul, D.; Debey, R.; Holten, D.; Schenck, C. C.
240 2 -08 383 2.31 Sciencel99], 251, 922-926.
100 1100 (8) King, B. A,; Stanley, R. J.; Boxer, S. @. Phys. Chem. B997,
3 —99 257 1.03 101, 3644-3648.
45 144 (9) King, B. A.; de Winter, A.; McAnaney, T. B.; Boxer, S. G.Phys.
55 1190 Chem, submitted.

(10) Stanley, R. J.; Boxer, S. @. Phys. Chem1995 99, 859-863.
2 A Gaussian cross correlation with fwhm of 150 fs was used for ~_ (11) Goldsmith, J. O.; Boxer, S. ®iochim. Biophys. Acta996 1276
convolution with the model function. Values are the averages from 171-175. . _ _
three simulations? Negative amplitudes indicate a rise component, _ (12) Katilius, E.; Turanchik, T.; Lin, S.; Taguchi, A. K. W.; Woodbury,

: i ; . N. W. J. Phys. Chem. B999 103 7386-7389.
while positive amplitudes indicate a decay component. h )
P P y P (13) We have previously demonstrated that the chromophore in

M182HL raises the activation energy for triplet energy transfer f#Bnto
shown in Figure 6 along with fits using both three and four the carotenoid, resulting in essentially no triplet energy transfer to the

- . carotenoid at 85 K (deWinter, A.; Boxer, S. G. Phys. Chem. B999
exponential components. The need for a fourth component is 103 8786-8789). One potential complication of this is that some fraction

evident from the structured residuals of the three-component of excited RCs become trapped in the relatively long-lié@dstate {100
fit. us lifetime) and do not return to the ground state in time to be excited by

The 280 fs lifetime of the rise in the two-component fit to the next laser pulse 12 ns later (the excitation pulses are weak so only a
small fraction of the sample is excited with each pulse). However, we are

the simulated data in panel B of Figure 7 (Table 2) matches ape to measure fluorescence fréfin the M182HL sample. Interestingly,
the rise time of'P emission when only three components are there is no evidence of multiph& decay components that might be expected
used to fit the experimental data. It was based upon this exactg some R(]ELSB GOrF‘;g'” 9“;“_”‘? étste g;nd“%thfs Thg‘ guores‘iegm?
analysis, varying the rate constant of energy transfer fim ~ {F0G0IeS OFF I RS comainingt and = wil be described in part > o

to B, that Stanley et al. arrived at the (1607 fsjate constant (14) The signal-to-noise of the data reported here is very good. As
for singlet energy transfer frotH to B. The residuals from shown in the Appendix, it should be possible to resolve in the kinetics of

this analysis showed the characteristic pattern associated with P the rate constants for each energy transfer step preceding the arrival
of energy at P. This is what we have done by fitting the rise and decay of

fitting simulations for a three state model with only two 1ip with four exponential components. We note, however, that fitting with
components. A more accurate fit of both the simulations and three exponential components does not change the conclusions of this
the experimental data is obtained with an additional component,WO(f';s) As described in the A dix. for the twoost ranst
ot At i ; : ; e s described in the Appendix, for the two-step energy transfer

the JUStIf,'Cat'on for which 'S,mameSt in the Equatlon descrlblng model, the rate constant of each step appears in the dynamics of the final
the excited state dynamics of P (Al). Inclusion of this energy acceptor unless one of the rates is substantially faster than the cross
component permits us to more accurately determine the ratecorrelation of the experiment. Unstructured residuals and redy®éar
constant oftH to B. and comparison of the experimental data the three-component fit indicate that eith&r transfers energy directly to

. . S . L " P or, if an intermediate (1) exists in the energy transfer pathiay- P
with the simulation fit values in Table 2 indicate that the lifetime (such as the upper exciton state of R),Rhe lifetime of energy transfer
is between 80 and 160 fs. from 1l to P is faster than~60 fs and is therefore not detectable in the
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dynamics of P. Scherer and co-workers (Arnett, D. C.; Moser, C. C,;
Dutton, P. L.; Scherer, N. Rl. Phys. Chem. B999 103 2014-2032)
and Martin and co-workers (Vos, M. H.; Breton, J.; Martin, J%LPhys.
Chem. B1997, 101, 9820-9832) measure lifetimes of 65 fs and-5000

fs, respectively, forB — P4, while Fleming and co-workers (Jonas, D.
M.; Lang, M. J.; Nagasawa, Y.; Joo, T.; Fleming, G. R.Phys. Chem.
1996 100, 12660-12673) measure a lifetime of 150 fs. According to
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