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ABSTRACT: We demonstrate coupling of an intraprotein electron transfer reaction to coherent vibrational
motions. The kinetics of charge separation toward the radical pair stéte Rvere studied in reaction
centers oRhodobacter sphaeroides 15 K. The electrochromic shift of the bacteriochlorophyll monomers

is the most prominent spectral feature associated with this charge displacement. The newly reported absolute
absorption spectrum of the"H_~ state is discussed in terms of this shift. In wild-type reaction centers,

the rise kinetics of the electrochromic shift display a small but significant 30" grriodic modulation

(period of ~1 ps). This modulation is also present in FL181Y mutant reaction centers, where overall
charge separation is somewhat more rapid than in the wild-type reaction center. In contrast, in YM210L
mutant reaction centers, where the charge separation is much slower, the modulation is absent. The
conclusion that the motion along the reaction coordinate has a 30 awherent component is discussed

in light of possible mechanisms of electron transfer.

In recent years, femtosecond coherence spectroscopy ha¢ET)! reaction. The possibility that nuclear motions drive
been developed as a new tool for detecting low-frequency coherent displacement of charges has been examined in
nuclear motion in protein systems that can be activated by theoretical work 7—16).
light (1). In such systems, impulsive photoexcitation popu-  Unambiguous detection of charge movements requires an
lates an off-equilibrium configuration on the potential energy electric field-sensitive probe that is spectrally separated from
surfaces of a ground state, excited state, and, possibly, ahe transitions that probe the potential energy surfaces where
subsequent product state. The coherent vibrations thus sethe nuclear motions occur. The photosynthetic reaction center
in motion give rise to oscillatory modulation of the absorption (RC) (17) from Rhodobacter sphaeroidesffers an op-
or emission spectra of the respective states. As examples oportunity to achieve this by monitoring the electrochromic
the observation of such motions, we mention ground state shifts of the bacteriochlorophyll (BChl) monomer cofactors
motions in bacteriorhodopsir), excited state motions in  (denoted B). These are located close to the cofactors that
bacterial reaction center8)( and product state motions in  participate in the reactant excited state P* and product radical
rhodopsin 4) and myoglobin §). pair state PH,_~ (P, bacteriochlorophyll dimer primary

Apart from providing a tool for vibrational spectroscopy, donor; H, bacteriopheophytin acceptor) of primary charge
coherent signals can be used to determine motions that driveseparation (Figure 1A). This charge separation takes place
intraprotein reactions. In this way, we have recently dem- within a few picosecondsl—20). In femtosecond experi-
onstrated “stepwise” reaction dynamics during ligand transfer ments, coherences have been observed in the region of the
in cytochromec oxidase 6). In this report, we investigate  neutral ground state absorption of the B cofactors, near 800
the involvement of vibrations in an ultrafast electron transfer nm (3, 21—25), and in a region near 1020 nm that is ascribed
to a BChl anion intermediate26, 27). In both of these
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Ficure 1: (A) The 15 K absorption spectrum of the ground state PH and charge-separated stateHP~ (- - -) of WT RCs. The latter

was obtained by normalizing the magic-angle transient spectrum after 8 ps to ttgp@&tirum at 880 nm, and then subtracting it from the

PH_ spectrum. The inset shows the arrangement of cofactors in the bacterial RC and the direction of primary ET (arrow). For membrane-
bound RCs, the view is in the plane of the membrane with the periplasmic and cytoplasmic sides of the membrane at the right- and
left-hand sides of the figure, respectivayis the primary donor bacteriochlorophyll dimer. &1d B, are the bacteriochlorophyll monomers,

and H and H, are the bacteriopheophytins, along the active (L) and inactive (M) cofactor branch, respectively. (B and C) Transient
absorption spectra in the B band region for WT (B) and YM210L (C) RCs at delay times of 30 fs (- - -), 200-fs), 4 ps (), and

50 ps (=-+-, YM210L only). The vertical bars (A and B) denote the spectral range used to monitor the kinetitld of lBrmation in this

work.

signal of the B cofactors, which is a response of the ground and were mixed with 50% glycerol (v/v) to an optical density
state absorbance bands of the B cofactors to the electric fieldof ~0.1 at the absorption maximum of the P band-&60
generated by the charge paitHR . In this paper, we focus  nm (optical path length of 1 mm). To prereduce the quinone
on the kinetics of the B band-shift, and compare wild-type electron acceptor £ 50 mM dithiothreitol was added. The
(WT) RCs with RCs that contain the mutations Phe L181 measurements were performed at 15 K in a convection
— Tyr (FL181Y) and Tyr M216— Leu (YM210L). For both cryostat. Multicolor pump-probe spectroscopy was per-
of these mutants, the frequency spectrum of vibrations setformed as described elsewhegd), Briefly, the RCs were

in motion by P* formation is the same as for the WT RC excited by a 30 fs (full width half-maximum) pump pulse
(28). However, charge separation is somewhat more rapid centered at 880 nm. The transmission of the sample was
in the FL181Y RC than in the WT complex, but is monitored with a white light continuum probe pulse,
sufficiently slow in the YM210L RC that it does not occur compensated for group velocity dispersion and compressed
on the time scale of the experiments described bel8y (  to less than 15 fs over the spectral range of 7880 nm.

29). Using this approach, we provide evidence for a coherent Spectra were recorded with a resolution of 1 nm. Scans were
modulation of the development of the charge-separated stateaecorded with the pumpprobe delay time varying over a 4
(P*HL™) in WT RCs. We also present and discuss the ps range (with 33 fs time increments) and a 50 ps range. To

absolute spectrum of thetH_~ state in the WT RC. avoid photoselection effects, the pump and probe pulse were
polarized at a magic angle (54)7 The repetition rate was
MATERIALS AND METHODS 30 Hz.

Membranes were prepared from the antenna-defi¢kent The spectral dependencies of the amplitude and phase of
sphaeroidestrain RCO1, which contains WT RCs, and from the Fourier transform (FT) components that modulate the
antenna-deficient strains with RCs bearing the YM210L or kinetics were extracted from the data using a procedure
FL181Y mutation, as described previous§0( 31). The employing singular-value decomposition (SVD), as described
membranes were suspended in 20 mM Tris buffer (pH 8.0) in detail elsewhere2().
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Ficure 2: (A) Transient absorption spectra in the B band region for FL181Y RCs at delay times of 30 fs (- - -), 206-f9,(and 4 ps

(—). (B) Kinetics of the absorbance change at 788 nm. The thin dashed line represents a multiexponential fit [fit function being*0©08e

-+ 0.009¢¥140fs) — 0,031&° Y10 Ps)+ 0.032, convoluted with the instrument response function]. The upper trace shows residuals of the fit
(x3).

RESULTS For completeness, the 50 ps transient spectrum of the
YM210L RC is also shown in Figure 1C (dotted and dashed
The ground state absorption spectrum of the WT RC is spectrum). An electrochromic shift of the B bands is observed
shown in Figure 1A (solid spectrum). The absorbance bandthat is similar to that in the WT RC. This band-shift is
at ~890 nm can be attributed to the pair of BChls that associated with Charge Separation’ which také90 ps in
constitute the primary donor of electrons (P). The asymmetric the YM210L mutant under our experimental conditio28)(
band at~802 nm can principally be attributed to the For the FL181Y mutant (Figure 2A), the transient spectra
monomeric BChis Band By, with the red shoulder carrying  on the blue side of the B band are similar to those obtained
a small contribution from the upper exciton band of the P ith the WT RC. At the red side of the B band, the split
BChls (32). The band at-760 nm can be attributed to the  pjeaching observed in the spectra of the WT RC (Figure 1B,
H. and Hy bacteriopheophytins. solid spectrum) is merged to a single bleaching centered at
Selected transient spectra recorded for WT and YM210L 807 nm (Figure 2A, solid spectrum). This merging reflects
RCs are shown in panels B and C of Figure 1, respectively. the lack of structure in the B band of the ground state
At early delay times (Figure 1B, dotted spectrum), the spectrum of this mutant (not shown).
transient spectra of the WT RC are dominated by P excited As reported previously in several papers, a complex pattern
state (P*) absorption bands that appear near the ground statef oscillatory features is observed in the 7820 nm range
B absorption bands3@). For the YM210L mutant, the in experiments with WT RCs3( 21, 23, 24). The transient
transient spectrum of P* (Figure 1C, dotted spectrum) is spectrum in this region includes contributions from P*-
somewhat less structured, but the spectral evolution on theinduced absorption bands, as well as shifts and possible
100 fs time scale, characterized previously for the WT bleachings of the B band in the P* state and in radical pair
complex B3), is similar in both RCs. Between 200 fs (Figure states. This congestion prohibits a reliable assignment of
1B,C, dashed spectra) and 4 ps (Figure 1B,C, solid spectra)individual featuresZ1). Oscillations with comparable am-
the shape of the transient spectrum hardly changes in theplitudes were also observed for the YM210L RC, including
YM210L RC, whereas in the WT RC, a strong band-shift oscillations with frequencies down te30 cnT?, with a
develops during this time interval. This shift reflects the pattern somewhat different from that obtained with the WT
electrochromic response of the absorption bands of the B RC. This confirms our previous interpretation that the
and By BChls to charge separation. The B absorption is oscillations observed in this region of the spectrum of the
altered from a strong narrow band with a maximum at 802 WT RC are, at least in part, due to P21j.
nm and a shoulder on the red side in the neutral state (Figure In contrast, the spectral region below 790 nm is not very
1A, solid spectrum) to a broader, net blue-shifted band with congested. In the P* state (Figure 1B, dotted spectrum), only
two distinct peaks at 800 and 789 nm in theHp~ state a weak and broad induced absorption appears in this region.
(Figure 1A, dotted spectrum). The band at 789 nm is assignedin the P'H, ~ state (Figure 1B, solid spectrum), the induced
to B. because (a) in the neutral ground state this BChl absorption that arises from the blue shift of the B band
absorbs somewhat more to the blue thap (B2, 34) and dominates the spectrum; the amplitude of this signal is an
(b) BL is expected to undergo the strongest electrochromic order of magnitude greater than that of the P* signal in this
shift due to H~ formation. A more quantitative interpretation  spectral range. The vibrational pattern in this region is also
of the absolute spectrum of thé i~ state, which has not  much less complex than in the 79820 nm region. Figure
been reported before, will be given in the Discussion. 2B shows the kinetics of the change in absorbance at 788
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Ficure 3: Transient kinetics at 788 nm of WT, FL181Y, and YM210L RCs and the Fourier transform of the oscillatory part of the trace
obtained after subtraction of a multiexponential fit. All traces of the three types of RCs were normalized on the amplitude corresponding
to full development of the band-shift. Theaxis scales are the same within 10%. Th& indications correspond to the WT traces.

nm for the FL181Y mutant. After an initial relaxation of average position in the P~ state. A very schematic
~100 fs (cf. ref33), the overall kinetic rise can be described representation of the two situations is sketched in Figure 4.
with a time constant of-1.0 ps, but it is modulated by a In the first case (Figure 4A), the amplitude of the band-shift
weak but significant oscillatory feature. Figure 3 shows that signal is expected to develop in a stepwise manner, and the
a similar modulation is observed in the corresponding kinetics amplitude dependence of the oscillation is expected to be
of the WT RC. In both cases, the Fourier transformation of the same as that of the band-shift, with opposing phase at
the modulation yields a peak at 30 chy(period of ~1.0 either side of the zero crossing point of the band-shift signal.
ps), with an amplitude that amounts to at least approximately |n the second case (Figure 4B), the disappearance and phase
3% of the final amplitude of the signal [the details of the shift of the oscillation are expected to occur at the maximum
modulation as extracted from the fit residuals depend of the position of the B band in the'Pl_~ state.

somewhat on the fit parameters; however, the residuals that
are shown correspond to minimal amplitude of the
modulation (cf. ref)]. In the corresponding kinetics of the

; . )
m/lszii(r)nl_emsuctglnet Rei}r\;vmg:;r(\e/\flleeglis r%rgé/uﬁ)at%assorgg Ic;]r;g%r;r nm, the 30 cm? oscillatory modulation obtained for the WT

frequencies are observed. We ascribe these weak modulationgmd dF:‘1t.81Y RES IS chrlstr?&ezrltgfnRacny o”tr}er ?scnlatory
to vibrational motions on the P* potential energy surface modulation, whereas In the , all Tealures are

[the frequencies found are similar to those observed in P*- very small. In the 779790 nm regiorl, the V\_/ave_zle_ngth
stimulated emission2@)]. However, in this mutant, the dependence of the amplitude of the 30 ¢reak is similar

relatively strong 30 cm feature is clearly absent. Similar  t© the spectrum of the band-shift signal. Furthermore, the
results have been obtained with other mutant RCs that haveSCresponding phase in this region is approximately constant
a long-lived P* state (data not shown). We note that if this (Figure 5B). Whent > 790 nm, the spectral dependence of
30 cnT! modulation were present in the YM210L mutant, it the oscillation is comple>Q(l) due to contributions from P*.
would be easier to visualize than in the FL181Y and wT Wheni > 815 nm, the amplitude dependence of the 30°cm
RCs. This is because in the latter case the overall rise kinetics'€ature tracks the shape of the band-shift and is opposite in
have to be subtracted, and these have a time constant that iBhase with respect to the region whén< 790 nm (not
similar to the period of the modulation. This comparison Shown). This is consistent with our interpretation in terms
indicates strongly that in the WT and FL181Y RCs this ©Of a coherent component in the dynamics of population of
feature represents a modulation of the band-shift that reflectsthe P'HL~ state (cf. Figure 4). However, we also find that
charge displacement in the transmembrane direction. In other~30 cnT* features contribute significantly to the kinetics of
words, a periodically oscillating component modulates the the YM210L mutant in the spectral range above 790 nm
dipole sensed by the B BChls in theé iR ~ state. (including near 805 nm; see the Discussion), and that this
In principle, two different mechanisms can be responsible region displays complicated multipeak amplitude character-
for the modulation of the B band-shift during formation of istics. These findings indicate that modulation of P* absorp-
the P'H_~ state: (a) a coherent component in the dynamics tion also contributes whea > 790 nm. As a result, the
of population of the product 4, ~ state or (b) charge region between 770 and 790 nm is the only spectral region
oscillations in the product ™~ state of the cofactor system where the band-shift kinetics can be reliably analyzed without
that modulate the position of the B band with respect to its significant interference from other components.

The spectral characteristics of the 30 ¢rRT peak in the
B band region (Figure 5A) are clearly consistent with the
first mechanism and not with the second. Whierr 790
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bacterial RC. A 30 cm* modulation was detected in the
kinetics of the WT and FL181Y RCs, but not in the kinetics
of the YM210L mutant RC, showing that it is not due to
coherent vibrational motion on the P* potential energy
surface. The spectral characteristics further associate the
feature with the population of the™Pl =~ state, and we
conclude that it reflects a modulation of the development of
! the electric field associated with thé .~ product state(s)
time of the primary ET reaction. Our findings provide the first
unambiguous evidence for a coherent component in a
biological charge displacement reaction.
B We stress that use of the electrochromic effect on the
wavelengih (v absorption of the B cofactors, which are not directly involved
in the P'H_~ charge pair, has the advantage of monitoring

Ficure 4: Schematic predictions of the wavelength dependence . - .
of oscillatory features in the B band region originating from (A) ©Nly the effect of the reaction (the electric field induced by

an oscillatory modulation of the “rate” of charge separation and the charge pair), and therefore, modulations in this effect
(B) charge oscillations in the product state. (A) The formation of can be directly ascribed to modulation of the charge

the product state generates an electric field that leads to a bandjsplacement. In contrast, the relatively weak absorption
shift (upper and middle left). The kinetics of product state formation bands of the product states can be modulated by population

are modulated by oscillations (upper right), and this leads to . . L .
oscillations in both the bleaching and the induced absorption part dynamics as well as motions within such states, which

of the band-shift, with opposite phases in thé signal (lower complicates the interpretation (cf. r2f).
right). The corresponding phase and amplitude dependence of the Insights from the PH_~ SpectrumThe position of the B

fundamental frequency oscillatory component follows the band- pand is sensitive to the local electric field that is determined

shift (lower left). (B) The formation of the product state generates S .

an electric field, superimposed on which is an oscillatory electric by the d|strlbgtlon of _charge in the R.C' SFeffen _et )
field generated by charge oscillations in the product state. This leadshave used this to estimate the effective dielectric constant,
to a modulation of the position of the shifted band (upper left). €, in different regions of the protein from the spectrum of
The corresponding band-shift signal is therefore modulated, andthe P-Qa~ state, using the relation

for relatively small charge oscillations, this modulation predomi-

nantly affects the induced absorption part of the band-shift (middle Av = —Au-F (1)

left). The dynamics of product state formation are smooth (upper

left). The bleaching part of thAA signal is also smooth (lower : : : :
right), but the induced absorption part is modulated at either side yvhereAv Is the electrochromic shift anlu the difference

of the average position of the band-shift (lower right, curves 3 and N Permanent dipole moment for the optical transition. The
4 are vertically displaced for clarity). The corresponding phase and term F is the electric field, which is given by

amplitude dependence of the fundamental frequency oscillatory

component displays a similar shape as in panel A, but is centered q

around the maximum of the band-shift signal rather than its zero- F= ez_f_ (2)
crossing point (lower left). The double-sided arrows below both =2 :

schemes indicate approximately the spectral region where the 30 T

cm~! component can be analyzed in our experiments.

product state population

amplitude/phase

whereq is a charge located a distancefrom the chro-
DISCUSSION mophore and; is the unit vector that connectp and the _
probe charge on the chromophore. The results of calculations
We have studied in detail the spectral characteristics of based on the electrochromic shifts of &1d By, using the
oscillatory features in the electrochromic band-shift of the methodology outlined in re84, are given in Table 1. For
BChl monomers that probe charge displacements within thethe effect of the PH_~ charge pair on the Babsorption,
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Table 1: Calculated Electrochromic Shifts of Bnd By for the BChl monomer; reflects f'i m_OdUIation in the Speed 9f _ET
Radical Pair State .~ and Comparison with the Measured Shift ~ from P to H.. This modulation is presumably due to periodic
of B2 structural rearrangements of the protegofactor system,
PrH, - be P *Py=° which modulate the population of the transition zone between
Avende=1) Avepe Avende=1) the precursor state and the' i~ state. There has been
(cm 3 (cm?) Coff (cm Y extensive debately, 38—40) about whether this precursor
o : i
B, 507-660 220 2330 1021051 state is P*, according to a one-step model for ET, tBP
By 130-280 e —124 10 150 (formed from P*), according to a two-step model. The only

aTh - , . documented periodic variations which could be responsible
e calculations were performed according to 34f using the - . - .

values therein fotAu| and the angleg, betweenAu and the vector ~ TOF modulation of formation of the fH.~ charge pair are
connecting the nitrogen atoms of rings | and 11l of bacteriochlorophyll. the vibrational motions that are activated by P* formation
The coordinates for the RC were taken from the X-ray structure of (41). In the following, we will discuss the possible involve-
Ermler et al. §2) (file 1PCR, Protein Data Bank).The charge  ment of vibrational motions associated with the P* state in

distribution within P~ was taken to bé/; on R and'/; on Ry (37). : .
¢ Within the chromophores, the charges were evenly distributed among the modulation of the population of the product state(s) of

the four nitrogen atoms.The range of values corresponds to varying T-_ ) ) )
the angles betweefu and the vector connecting the nitrogen atoms First, we discuss the presence of a coherent vibrational

of rings | and IIl over+Z, within the plane of the macrocycleThe  mode with a fundamental frequency-a80 cnt? in the P*
position of the Q BM'absorptlon in the_ neutral g_r_ound state is uncertain  gtate Previous stimulate@X, 28, 36, 41) and spontaneous
due to its overlap with the upper exciton transition oBR)( therefore, 42 . tudies h d trated that ifold of
we have not estimated the experimental electrochromic shift. (42) emission s u 'eS_ ave emons: rate : ata mam oldo
low-frequency vibrational modes is set in motion upon
, . , formation of the P* state, generally consistent with coupling
we calculate a value fokv assuming a dielectric constant ot sych modes to the P> P* transition observed with

of 1 [Av(e=1)] in the range of 507660 cm *. As discussed  rasonance Ramamig, 44) and hole-burning spectroscopy
above, comparison of Fhe E}dnq P'H_~ spectra shows that (45, 46). Whereas the main modes are in the-160 cn
the B absorption maximum shifts from 802 to 788 ntw(  region, very low-frequency modes are also present. As has
= 220 cn’); therefore, we estimate that the average peen discussed elsewhedd,(42), the precise characteristics
effective dielectric constanty) for this transition isinthe of these modes are difficult to assess, because their periods
range of 2.3-3.0. This is somewhat lower than the range of e similar to the overall rate of decay of the P* state in the
values estimated by Steffen et 84 for the PQa” charge 1 RC (and in the FL181Y mutant). In our analysis of WT
pair, suggesting that the protein betweendfd Q. has a = Rcs a peak at15 cnt was found in the FT spectrum of
relatively high effective dielectric constant. The presence of ,ndamental frequencies but an oscillator strength-20
several water molecules in the vicinity of.@35) may be cm~* was also present() and a Raman mode of 34 cn
related to this observation. has been reported®). For the YM210L mutant, where P*
Similar calculations can be performed for other charge does not decay on the time scale of a few picoseconds,
pairs. In particular, we estimate a value for(e=1) inthe  assessment of the low-frequency part of the vibrational
range of—102 to 51 cm* for the effect of a putative charge  spectrum is more reliable because the longer-lasting oscil-
pair R.*Pu~ on the absorption of B(Table 1). Thus, ifitis  |ations lead to improved spectral resolution. Close inspection
assumed that the value ey for the field at B is the same  of the FT spectrum of the fundamental frequencies in the
in the presence of PPy~ as in the presence of PlL™, the  yM210L RC (Figure 3 in ref28) reveals a distinct feature
full PL"Py~ charge displacement is expected to give a signal at ~30 cnt?, but the relative amplitude of this feature is
of, at the very most, 20% of the_Bband-shift that is caused  very small. Thus, whereas vibrational motions with a
by the PHL_™ charge displacement. fundamental frequency 0£30 cnT! are set in motion upon
The coherent vibrational modes set in motion by popula- impulsive formation of P*, the amplitude of their coupling
tion of the P* state will probably include relative motions to the P— P* transition is very small.
of chromophores, and it is expected that the latter are Another possibility is that the 30 crhmodulation of the
predominantly “dimer-type”, i.e., relative motions of &nd charge separation originates from a beat between higher-
Pu (36). If such motions are transferred to the product state frequency modes. The strongest distinct bands in the FT
P*H_", the associated charge oscillation would be expected spectrum of P* are located at 92, 122, and 153 t(@1),

to correspond to only a small fraction of that of the' Py~ i.e., at 30 cm' intervals, indicating that this is indeed a more
dipole; the charge asymmetry on P amounts to onlig of likely possibility.
an elementary charge, at least in the steady s8&fg é4nd At this point, we wish to note that, a priori, lower-

the amplitude of the motions can only amount to a fraction frequency periodic modulations of the rate of ET will lead
of the R —Py distance. Altogether, unrealistically high values to larger amplitude modulations of the product state popula-
for the amplitude of the motions (tens of percents of the P tion than higher-frequency periodic modulations. The reasons
Pu equilibrium distance) would have to be assumed to make for this are outlined in the Appendix. Therefore, it is possible
them detectable in our experiments. This reasoning providesthat higher-frequency components do modulate the popula-
further support for our conclusion that the observed oscil- tion of the product state (this is likely to be the case if the
lations of the B band-shift do not originate from modulation 30 cn1? feature corresponds to a beat between higher-

of the position of the B band in the*Pl_~ state. frequency modes), but these modulations are too weak to
Origin of the Modulation of the B Band-Shifts discussed  be detected in the experiments presented here.
above, the observed-l1 ps period modulation of the In a two-step model (P* P'B,.~ — P'H_"), the overall

development of the transmembrane potential sensed by thesimilarity of the kinetics for P* decay and"Pl.~ appearance
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implies that PB.~ decay must be much more rapid than its magnitude as the 30 crh mode that we propose to be
population. In our 15 K experiments, where P* decays in involved in ET. Yet a number of observations indicate that
~1 ps, the dwell time of the B~ state would therefore  this model does not fully cover all of the features of primary
correspond to only a small fraction of the period (1 ps) of a ET at low temperatures.

30 cnm! mode? It is therefore difficult to envisage how (1) At a reaction “frequency” of 1 p3 and an overall
coherent motion on the'®, ~ potential energy surface with  reaction “rate” of~1 ps, the surface crossing probability

a frequency of 30 cmt could be at the origin of the observed per passage in the crossing zone should\7®% and, in
modulation of PH_~ formation. However, in an alternative  contrast to the situation at room temperature, the nonadiabatic
mechanism where population of'B.~ from P* leads to condition (low probability of crossing) is therefore not well
rapid movement of the system to the transfer zone with the fulfilled. It is conceivable that the reaction changes from an
PTH_~ state, and to subsequent near-adiabatic crossing, aessentially nonadiabatic regime at room temperature to a
modulation of PB_~ formation could be transferred to a near-adiabatic regime at cryogenic temperatures (cb0ef

modulation of PH_~ formation without much dephasing. (2) The mode(s) which gives rise to the coherent compo-
Such a mechanism has been described by Almeida andnent in primary ET is presumably populated by the-AP*
Marcus (4) for the more general case of a dondridge— transition. Vibrational relaxation takes place on a time scale

acceptor system. For the WT RC, the recent ab initio that is longer than ET28), and hence, these vibrational
calculation of strong electronic coupling (122 chbetween motions are not in thermal equilibrium with the “bath”
P™B.~ and P'H_~ (49) would also be in agreement with such modes. This implies that at cryogenic temperatures, where
a mechanism. thermal motions are frozen out, significant motion along

Comparison with Other WorkThe possible coupling of ~ coordinates coupled to the ET reaction persists. Hence, to
coherent motion to primary ET has been experimentally €xplain the extreme rapidness of this process at low tem-
investigated in a number of studies. Streltsov and co-workersperatures, it is not necessary to invoke ET occurring from
(22, 23) have suggested that very low-frequency-& the equilibrium position of the P* potential energy surface
cm1) FT components observed in the B band region (near (corresponding to a completely “activationless” reaction in
805 nm) reflect coherent B formation. As discussed @ picture of ET driven by thermal motions).
elsewhereZ1), and in this report, other mechanisms are also ~ (3) The amplitude of the observed modulation of primary
|||(e|y to gi\/e rise to such components in this Congested ET is small. Within the framework of a single-mode model,
spectral region. Our observation of such low-frequency this would imply (a) that the modulation of the rate of ET
components in the spectral region near 805 nm in YM210L as a function of nuclear coordinates is weak, corresponding
mutant RCs, where due to slow ET only the P* state is t0 @ “transition zone” with a width comparable to the
populated on the time scale of a few picoseconds, further 2@mplitude of the motions, or (b) that a frequency-dispersed
points to strong contributions from P* in the observations (around 30 cm?) distribution of vibrational modes couples
reported in ref®2 and23, which complicates the interpreta- to ET. However, as discussed above, multimode coupling
tion of these results. [as suggested previously in theoretical woBd)] with the

Sparlein and co-workers have analyzed oscillations ob- 30 CNT* component representing the ensemble effect (dif-
served in the 1020 nm band assigned to Bt room ference frequency beat) of more than one mode appears to

temperatureZ6). This work indicated that the dominant 135 P& @ more likely possibility. Using more extensive modeling,

cm feature arose from stimulated emission rather than B~ W€ areé presently exploring these various possibilities.

modulation, and was inconclusive about lower-frequency APPENDIX

features’ Our work is consistent with this, as we also do

not observe modulation of the ET kinetics in the-A®0 Ando and Sumi 15) have recently treated ET in RCs

cm* frequency region. according to a semiclassical Landaziener picture, with
Mechanism of Primary Electron Transfet.is useful to explicit inclusion of coherent motions in the excited state.

place our results in the framework of adiabatic versus Oscillatory features in the ET ratex(t) appear through a

nonadiabatic primary ET. Analysis of the temperature complicated dependence on the “displacement along the

dependence of the overall rate of ET in bacterial RCs in terms eaction coordinate” sur@(t):

of a thermally populated, single-mode, nonadiabatic, acti- ,

vationless model yielded a mode frequency in the range of QWM = Zh“’iAiAi COS@Jt)

25-80 cnt! (20). This range is on the same order of !

(A1)

and its time derivative

2 Analysis of the overall evolution of our present full spectral data . .
using 30 fs pulses did not identify any exponential phases characteristic Q) = _zhijjA i Sm(a)jt) (A2)
of P"B.~. This is consistent with several previous reports of low- ]
temperature experiments using a longer pump pd3e4(7); however,
Lauterwasser et al48) reported PB._~ decay in 300+ 150 fs at 25 whereA is the dimensionless displacement of jttemode

K'with a 300 fs time resolution. with frequencyw; between the ground and excited state and

31n a very recent paper by Yakovlev and co-worketg)( measure- ;o - -
ments similar to those in re26 reported only for 1020 nm were A'j is the displacement between the excited and product

interpreted as population of a transition zone between P* ai&] P states. As expected, only vibrations that are at the same time
without actual surface crossing (termed “reversible charge separation”). excited by the P— P* transition (\; = 0) and coupled to
The spectroscopic characterization of 28, indicating that the ET (A'- - 0) contribute

oscillations at 1020 nm arise from the P*-stimulated emission signal ! . T . .

rather than from absorption of a charge-separated state, seems A calculation of the oscillations in the P* P stimulated

inconsistent with such a mechanism. emission along similar lines (C. Rischel, M. H. Vos, and
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J.-L. Martin, unpublished results) reveals that the relevant 15.

sum over modes in this case is

Comparison of these analyses shows that the dependencel9.

Zhijf cost) (A3)
J

on w; has the same form, so a priori, we expect low-
frequency vibrations to play similar roles in the modulation
of the rate of ET and in the modulation of stimulated
emission.

The oscillations that we measure in this work are those of
the population term. We can in general write the ET rate as

a sum of oscillating terms (including frequency sum/
difference terms of all orders):

ker(t) = k{1 + S [A, cos@) + B, sin@ ]}
) (A4)

The probabilityp(t) of finding the molecule in the product
state is then

1
pt)=1-— exr(—ko[t + za[An sin(@,t) —

The key feature of this expression is the dependence on the

B, cos@nt)]] (A5)

reciprocal of the frequency. This implies that the low-
frequency terms are strongly favored.
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