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ABSTRACT. The photosynthetic charge separation in bacterial reaction centers occurs predominantly along
one of two nearly symmetric branches of cofactors. Low-temperature EPR spectra of the triplet states of
the chlorophyll and carotenoid pigments in the reaction cent&haidobacter sphaeroidés-26.1, 2.4.1

and two double-mutants GD(M203)/AW(M260) and LH(M214)/AW(M260) have been recorded at 34
GHz to investigate the relative activities of the “A” and “B” branches. The triplet states are found to
derive from radical pair and intersystem crossing mechanisms, and the rates of formation are anisotropic.
The former mechanism is operative fb. sphaeroideR-26.1, 2.4.1, and mutant GD(M203)/AW(M260)

and indicates that A-branch charge separation proceeds at temperatures down to 10 K. The latter mechanism,
derived from the spin polarization and operative for mutant LH(M214)/AW(M260), indicates that no
long-lived radical pairs are formed upon direct excitation of the primary donor and that virtually no charge
separation at the B-branch occurs at low temperatures. When the temperature is raised above 30 K, B-branch
charge separation is observed, which is at most 1% of A-branch charge separation. B-branch radical pair
formation can be induced at 10 K with low yield lojrect excitation of the bacteriopheophytin of the
B-branch at 590 nm. The formation of a carotenoid triplet state is observed. The rate of formation depends
on the orientation of the reaction center in the magnetic field and is caused by a magnetic field dependence
of the oscillation frequency by which the singlet and triplet radical pair precursor states interchange.
Combination of these findings with literature data provides strong evidence that the thermally activated
transfer step on the B-branch occurs between the primary daggrafd the accessory bacteriochlorophyll,
whereas this step is barrierless down to 10 K along the A-branch.

Photosynthesis is of vital importance for life on earth. In reaction center fronRhodobacter sphaeroidés composed
photosynthesis, large protetigofactor complexes function  of three protein subunits, L, M, and H, with a molecular
as light-driven switches. These complexes catalyze a light-weight of 31, 34, and 28 kDal®). The reaction center
induced electron and proton transport across the photosyn-contains as cofactors four bacteriochlorophyll molecules (B,
thetic membrane and have been optimized by nature toBChl), two bacteriopheophytins (H, BPheo), two ubiquino-
perform this task with a quantum efficiency close to unity. nes, one carotenoid (spheroidene), and one non-heme iron
The prototype bacterial reaction centers (bR®slve been  (3). Two bacteriochlorophylls form a dimer, or special pair,
studied by many groups, and significant progress in the called Res where the subscript denotes the wavelength of
knowledge of the structure and function of the bRCs has maximum absorption in the UWvis spectrum. The other
been achievedl(-8). The first crystal structure of a bRC  cofactors are arranged in two branches, denoted A-branch
was determined in the 19808, (9—11). The prototypical and B-branch, that show a pseuBp-symmetry (see

Figure 1).
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Ficure 1: Cofactor arrangement in the bacterial reaction centers drifa)sphaeroide®-26.1 (PDB code: 1pcr), (HRb. sphaeroides
2.4.1 (PDB code: 4rcr), (c)Rb. sphaeroidesdouble-mutant GD(M203)/AW(M260), and (dRb. sphaeroidesdouble-mutant
LH(M214)/AW(M260). The mutants are modeled after the structure of a quintuple mutant that contains all these mutations (PDB code:

1y16) (15).

is found to be below 1%5( 15, 16). According to Feher et mutant the presently largest B-branch charge separation of
al. (5) this arises from the breaking of the twofold symmetry 70% has been reporte@4).
at several places in the structure of the reaction center. In this study, the triplet states of bacterial reaction centers
Furthermore, inherent asymmetries in the dimer structure and mutants thereof are investigated by EPR spectroscopy,
exist. The distance of the special pair withh B smaller to better understand the charge separation process and
than with Bs, bacteriopheophytin His closer to B than the directionality of charge separation with respect to the
Hg to Bg, and the detailed binding of the cofactors to the A- and B-branches. The triplet state is well suited for this,
protein backbone is different in the two branches. It has beenbecause the polarization pattern of the triplet state is
recently proposed that protein dynamics control the kinetics determined by the precursor states directly after light
of the initial steps in the charge separation procés. ( excitation @5). Thus, by measuring the polarization
Differences between A-branch and B-branch charge pattern, information is obtained about whether or not the
separation have so far been studied by optical spectroscopyriplet state is derived from a long-lived radical pair state on
(18—20). Upon excitation at 390 nm oRb. sphaeroides either branch or whether other triplet-forming mechanisms
reaction centers, a radical pairfB~ is formed on the are operative. Moreover, the rates of formation and decay
B-branch that decays in picosecon@4)( This radical pair of the paramagnetic species can be studied on a time
state has also been observed in mutated reaction centers upascale of nanoseconds or longer. A disadvantage of the EPR
excitation of the singlet excited states at different wavelengthstechnique is that singlet states cannot be detected. There-
(21), and B-branch electron transfer becomes possible byfore, the initial charge separation process, in which singlet
excitation to higher excited states of the reaction ce@y. ( radical pair states are involved, cannot be addressed directly
The largest B-branch radical pair formationRd. sphaeroi- by this method. Nevertheless, the EPR spectrum contains
des with efficiency of 35-45% has been found for a information about paramagnetic intermediates comple-
quadruple mutant in which a BPheo is introduced in place mentary to spectra obtained by fast optical techniques. In
of Bg and a BChd in place of H, (23). In aRb. capsulatus  this respect, EPR spectroscopy can be used parallel with
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Scheme 1 short-lived singlet radical pairs, can therefore not be detected
hv 90° 180° by EPR spectroscopy and can thus at no stage be excluded

s T T from EPR measurements. In this study it is found that two

triplet-forming mechanisms are operative and that charge

mw__ mw_ echo * separation along the A- and B-branches can be strongly

t influenced by mutations of amino acids near either of the

) ) branches.
optical methods for the study of charge separation along the

two branches. MATERIALS AND METHODS

In native reaction centers, the formation of the triplet state Experimental Details. Rb. sphaeroides26.1 was isolated
cannot compete with forward electron transfer. However, 5nq purified as described by Feher and Okam@@ &nd
when the quinone acceptors are prereduced, an EPR spectrufhgse fromRb. sphaeroideg.4.1 as described by Frank et
of Pees in the triplet state Pses) With a characteristic 5 (33). The quinones and @ were reduced as described
AEEAAE (A, absorptive; E, emissive) polarization is n ref34 by addition of sodium dithionite solution (0.5 M in
observed, which derives from ae"Ha™ radical pair g). 1 M Tris—HCI, pH 8.0) to yield a final dithionite concentra-

In case of different radical pair precursors, or other triplet- tion of 50 mM in the sampleRb. sphaeroidesnutants
forming mechanisms, the polarization pattern of the ObserVedGD(M203)/AW(M260) and LH(M214)/AW(M260) were
SPgestriplet state is expected to be different. In our study we expressed and purified according to Paddock et.&). The
investigated triplet states of bacterial reaction centers for four 1, ;tants were not reduced with dithionite. Test measurements
species at Q-band microwave frequencies: fRt, sphaeroi- 5 mutants in which the quinones were reduced with
desR-26.1, which lacks the carotenoid spheroidene (Figure gjthionite gave the same results as those without dithionite
1a). The second specieshRb. sphaeroideg.4.1, used as a  yaqyction. The samples were frozen in liquid nitrogen in the
reference (Figure 1b). The third is tHeb. sphaeroides  §grk. The quality of the samples was checked by-¥is,
double-mutant GD(M203)/AW(M260), where the first muta- SDS-PAGE, and special TRIPLE EPR%, 36) measure-
tion changes the H-bonding network near the accessoryments at room temperature.

bacteriochlorophyll and makes the electron transport over gjectron spir-echo (ESE) detected and transient EPR
the A-branch (_energetically less favorable (F_igure 1c). T_he spectra were recorded on a Bruker Q-band Elexsys E580
second mutation introduces a tryptophan in the binding £ pylse EPR spectrometer equipped with a home-built EPR/
pocket for Q, which blocks the access for the quinone at ENDOR resonator37) and an Oxford CF935 helium gas-
this position (5, 26). The fourth species is the double-mutant  fio\y cryostat for temperature control. Samples were excited
Rb. sphaeroides H(M214)/AW(M260), which introduces  \yith an Opotek OPO laser at variable wavelength, pumped
a histidine near the BPheo in the A-branch (Figure 1d), by a Vibrant Nd:YAG laser at 10 Hz repetition rate.
whereby a magnesium is incorporated into the BPheo which gycitation at 865 nm was performed with 5 mJ/pulse, at 537
thus converts to BChl and 590 nm with 6 mJ/pulse. The EPR measurements were

The LH(M214) mutation has been extensively studied by performed in the temperature range of-1B0 K. The
Kirmaier, Holtgn and co_—workers using fast optical techniques microwave frequency was typically 33.9 GHz, with variations
(18-20). The introduction of BCHl in the A-branch, also  of 0.2 GHz, depending on the identity of the sample and the
denoted as f# mutant” in literature, yields a short-lived temperature.
radical pair state 5 1*~ upon excitation, where1 is most The two-pulse EPR, delay-after-flash (DAF)-EPR, and
likely a BChla species 18). Depending on the presence of two-pulse electron spinecho envelope modulation
additional mutations or the temperature, the lifetime of this (ESEEM) experiments3@) are shown in Scheme 1. It
radical pair state iss1 ns (9). The main effect of the  consists of a laser pulse followed by two microwave pulses
LH(M214) mutation seems to be an increased charge and detection by a Hahn echo. In the ESE-detected EPR
recombination rate by a factor of about 20, which reduces experiments the magnetic field is swept, in DAF-EPR the
the amount of B, Qx to 60% as compared to 100% in magnetic field is fixed and the timg4 is swept, in two-
native reaction centers. pulse ESEEM, the time is swept. The length of the/2

For carotenoidless reaction centers Rib. sphaeroides  pulse was 40 ns, that of the pulse was 80 ns. The delay
R-26.1 the triplet statéPgss was studied; for the other three  between the two pulses was 440 ns, and the microwave
systems the triplet states 8Pses and Car. Carotenoids  power was 20 mW. The value for the delay was the minimum
protect the photosynthetic apparatus from photoinduced possible, taking into account the spectrometer dead time of
damage by either trapping chlorophyll triplet states or about 400 ns. Some triplet EPR spectra recorded at larger
guenching the excited singlet state of molecular oxy@ ( delays times can be found in the Supporting Information.
Spectroscopic and kinetic parameters are already availableThe accumulation time was typically 30 min for an EPR
for carotenoids in bacterial reaction centers from earlier spectrum, except for mutant LH(M214)/AW(M260), which
studies 28—30). gave rise to much weaker signals. For this mutant the signal

A requirement for a detectable EPR signal fréfggss that was accumulated for-812 h. With two-pulse EPR spec-
derives from a radical pair precursor is that the radical pair troscopy, the polarization pattern of the triplet state was
lives long enough to change from the singlet to the triplet measured, DAF-EPR was used to obtain information about
state. A typical lifetime required for this process is 15 ns kinetic parameters, like growth and decay rates of EPR
(31). Shorter lived radical pair states, e.g., as observed for signals, and with ESEEM spectroscopy, the hyperfine and
LH(M214) mutants 19), remain in the singlet state and decay quadrupole interaction of the pyrrole nitrogens can be
too fast to produce EPR-detectable signals. The presence ofnvestigated.
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Ficure 2: Q-band transient EPR spectrum of the bRCRYf.
sphaeroideR-26.1 atT = 10 K.

Transient EPR measurements were performed on the same d * /\ﬂ_w . W/\\* —
spectrometer by using the Bruker “Specjet” oscilloscope as \ / \/‘M
a transient recorder. The microwave power wag¥d The W oot AR £
spectrum was accumulated with 200 averages. A spectrum ZXY, Y, XZ, Z %Y, Y, X 7
took abow 7 h of measurement time. Simulations of the e

triplet EPR spectra were performed with a self-
written program based on the formalism described ir8gef
For a more detailed description see the Supporting Informa- , EE EA AA .
tion. 118 120 122 124 118 120 122 1.24
Magnetic Field [T]
RESULTS Ficure 3: Q-band ESE-detected triplet EPR spectra in bRCs in

The Q-band transient EPR spectrumRi§. sphaeroides  Rb. sphaeroideat T = 10 K (left) andT = 50 K (right): (a)Rb.

) ; PR : : sphaeroidefR-26.1, (b)Rb. sphaeroide®.4.1, (c)Rb. sphaeroides
R-26.1 is shown in Figure 2. The spectrum is comprised of GD(M203)/AW(M260). (d) Rb. sphaeroidesLH(M214)/A-
absorptive (A) and emissive (E) signals. The width of the \yv260),” (e)2BChla in pyridine. The signal marked with is

spectrum is determined by the zero-field splitting (ZFS) assigned to a radical signal. The microwave frequency was typically
parameter® andE, and the observed polarization pattern 33.9 GHz with a variation of 0.2 GHz depending on the sample.
AEEAAE is consistent with that reported earlie?).( The
three canonical orientations, for which a molecule is oriented Table 1: ZFS Parameters féPges and*Car in Rb. sphaeroides
either with itsX, Y, or Z axis of the ZFS tensor parallel to ~R-26.1 and LH(M214)/AW(M26G)

the magnetic field direction are indicated in the figure. They R-26.1 LH(M214)/AW(M260)
will be used as I_abels in the text. ESE-detected EPR spectra 3Pyes 3Car 3Pye5 3Car

of Rb. sphaeroideR-26.1, 2.4.1, mutants G'D(M2'O_3)/A— D [cm1] 00188 —00280 00188  —0.0280
W(M260) and LH(M214)/AW(M260), and BCalin pyrldlne E[cm™ 0.0031 0.0040 0.0039 0.0040
recorded afl = 10 K andT = 50 K are shown in Figure 3. Px 0.7 0.7

The spectra aT = 10 K of Rb. sphaeroide®-26.1, 2.4.1 Py 0.3 0.3

and GD(M203)/AW(M260) are similar. Strikingly, the EPR P 20033 20023 30033 50023
spectrum of Rb. sphaer0|desLH(M214)/AW(M260) IS gy 2.0038 2.0023 2.0042 2.0023
completely different, and more similar to that of B@hh g 2.0023 2.0023  2.0023 2.0023
pyridine. AtT = 50 K, the polarization patterns of all spectra _line width [mT] 0.8 0.8 0.8 1.0

are different. aThose forRb. sphaeroide®.4.1 and the double-mutant GD(M203)/

In the subsequent paragraphs, the EPR spectra, theAW(M260) are the same within the error limits as thOSQ of .R-26.1.
polarization (A/E) patterns and the time and temperature Triplet decay rates are temperature dependent and given in Figtre 4c
. . f. The error margins are as follow® andE [+0.0002 cn1Y], py, py,
dependences are described for each species. and p [£0.05] with the constraint thatep- py + P; = L, G, Gy, andg,
Rb. sphaeroides R-26.The ESE-detected EPR spectrum [+0.0003], line width 0.2 mT].
of 3Pgesin Rb. sphaeroideR-26.1 atT = 10 K excited with
a wavelength of 865 nm is characterized by the well-known  The ZFS parameter® and E have been read from the
polarization pattern AEEAAEQ). A narrow signal, marked  spectrum and amount {®| = 0.0188 cn?, |E| = 0.0031
with an asterisk, is present in the center of the spectrum,cm™. They are given in Table 1 and agree well with those
which belongs to a radical. A striking feature of the spectrum reported earlierZ, 34). When the temperature is increased
is that the emissive signals are systematically more intensefrom 10 to 50 K, the shape of the EPR spectrum remains
than the corresponding absorptive signals, which contrastsvirtually the same and the amplitude decreases. The observa-
with earlier measurements carried out at X-band frequenciestion that theD and E parameters do not change indicates
using cw EPRZ) or transient EPR techniques. This is caused that the triplet state remains localized®Bfes.
by a strong ESEEM effect at Q-band for the pyrrole nitrogens  Information about the decay of the triplet sublevel8Rafs
detected dominantly on theés = 0 < +1 transition (vide can be obtained by DAF-EPR measurements. In this experi-
infra). ment, EPR spectra are recorded as a function of the time
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between the laser flash and the Hahn echo. The two- Rb: sphaeroides 2.4.1
dimensional spectrum &t = 10 K is given as Supporting e I
Information and is characterized by a slow decay with a time | ¢
constant of 25Qs at the low- and high-field edges of the
spectrum (Bl Z, and Bll Z,) and faster decays with time
constants of both 8@s for Bl X;, Y, and BIl X, Y. At
both 10 and 50 K the decay behavior was found to be

adequately described by a set of three time constants as given Py 11 1111

Intensity [a.u.]

Intensity [a.u.]

X, Y, Y, X
in formula (S3). T4 116 ?18 120 122'2 12412 0 5 10 15 20 25 30 35
Rb. sphaeroides 2.4.The ESE-detected EPR spectrum Magnetic Field [T] toue [1s]
of 3Pges In Rb. sphaeroide&.4.1, recorded & = 10 K, is o Rb. sphaeroides 2.4.1 d
shown in Figure 3b. The spectrum is essentially the same as s} - . oy
that recorded at 10 K fdRb. sphaeroideR-26.1. However, 7 T, Carformation ot *Car decay
the EPR spectrum changes drastically when the temperature- Al é‘so_
is increased to 50 K. Such a change in polarization pattern 2 B 2
has been observed earli&28( 29) and was attributed to a §2_ I e B %20' I
triplet transfer to the carotenoitspheroidene 12, 40), £ = { ! Eof et BIIX

hereafter referred to as carotenoid. At temperatures above C-Biv.z ol e B,z
30 K, the polarization pattern changes significantly, which ~ © 20 40 SOT[K?O 100 120 140 0 20 40 6°T[K§’° 100 120 140
indicates a temperature-activated triplet transfer. The caro- ,
. . . . . Rb. sphaeroides GD(M203)/AW(M260)

tenoid triplet spectrum is broader and is characterized by e solf
different D and E parameters than that 8Pggs (see Table or i *Car formation L
1). The EPR spectrum of the carotenoid is highly symmetric & |
with respect to the relative intensity of the absorptive and
emissive signals in the polarization patterns, and no ESEEM §
effects are observed. The carotenoid signal has a polarlzanorg 2 N
pattern EAAEEA. e DN i S

The triplet transfer from gsto Car and the time evolution 0 v

X ) 0 20 40 60‘80 100 120 140 o0 20 40 60 80 100 120 140
of both triplet signals has been measured by DAF-EPR at TIK TK

= 50 K and is shown in Figure 4a. Thges signal is FiIGURE4: (a) ESE-detected EPR spectra of #hgsand3Car triplet

quenched quickly and anisotropically by the carotenoid with signals inRb. sphaeroide®.4.1 at 50 K recorded at different times

time constants of about s (Bl Y, Z) and 4us (Bl X), after the laser flash. Dotted lines indicate the canonical orientations
. . . 3 i i

and the®Car signal decays to the ground state with time of 3Pges, dashed lines those 8Car. (b) Time traces of the EPR

. signal recorded at B X;, and Bll Z, and simulations (dashed lines)
constants of Gs (BII'Y, Z) and 14us (BII X). Two time using the model described in the Supporting Information. (c and

traces recorded with B X, and BIl Z, are given in Figure  d) Temperature dependence of time constant$@ar formation

4b. A small fraction of théPggs signal is not taken over by — and decay inRb. sphaeroides2.4.1. (e and f) Temperature

carotenoid, and th#ses polarization can still be recognized ~ dependence of time constants ¥@ar formation and decay iRb.

at 8us after the laser flash. This residdBbes signal decays ~ SPhaeroidesD(M203)/AW(M260).

to the ground state with a time constant of aboufu40 the signal below the noise level, hampering detection. The
The temperature dependence of the time constants fortemperature dependence of the decay and growth constants

formation and decay of th¥&Car signal is given in Figure 4, is shown in Figure 4, parts e and f. The growth constant for

parts ¢ and d. All time constants decrease with temperature.B || X decreases faster with higher temperatures in mutant

The time constant for Bl X is about a factor of 3 larger  GD(M203)/AW(M260) than irRb. sphaeroide®.4.1 (Figure

than the time constants for IBY, Z for both the formation 4d). The time constants for the decay of #ar signal have

*Car decay

IS
o
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Constant

N
(=]

Time Constant [us]

=
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-

e BIY,Z T

and decay of théCar signal. the same temperature dependenc®In sphaeroideg.4.1
Rb. sphaeroides GD(M203)/AW(M260he third system  and mutant GD(M203)/AW(M260).

under investigation is th&®b. sphaeroideslouble-mutant In Figure 5, two-pulse ESEEM spectra and modulation

GD(M203)/AW(M260) (5). The EPR spectra d@= 10 K patterns recorded atIBZ, and Bll Z,, are depicted. At these

andT = 50 K are shown in Figure 3c. The spectrunTat field positions, the same set of molecules is selectbdse

10 K again looks similar to those &b. sphaeroideR-26.1 that are oriented with the principZlaxis of the ZFS tensor
and Rb. sphaeroide®.4.1 with minor changes, e.g., the parallel to the magnetic field. At the latter magnetic field
intensities of the Xand X, transitions decrease so that the setting, only shallow modulations are observed, whereas at
intensity of X becomes almost zero. This shows that also Bl Z,, deep modulations are visible, explaining the observed
in this mutant the triplet state remains®Rges at T = 10 K. asymmetry of the Q-band ESE-detected EPR spectra. The
At T = 50 K, the spectrum changes and thgsRriplet is modulations are caused by the presence of nuclei with
again transferred to Car. By comparison with the spectrum 0, in this case the four pyrrole nitroger$'{N) = 1), whose

of Rb. sphaeroide®.4.1, it is seen that mof€ar is present  hyperfine interaction is of the same order as the nuclear
for mutant GD(M203)/AW(M260). In this mutant the triplet Zeeman interaction, which is known as the “exact cancel-
state is taken over faster by Car tharRin. sphaeroide®.4.1, lation” condition @1). Large modulations are observed when
and the signal is so large that it is possible to obséBar the exact cancellation condition is fulfilled ). In this case
signals with pulsed EPR methodology in our spectrometer it is fulfilled better at Bl Z, than Bll Z;;, and the implications

up to 130 K. Above 130 K the relaxation processes reduce will be discussed further in the discussion.
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Zeeman  hfi nai Rb. sphaeroides LH(M214)/AW(M26@)gure 3d shows
et S N the ESE-detected EPR spectrun?®ss in Rb. sphaeroides

n____ — LH(M214)/AW(M260) in frozen solution. The spectrum has
a polarization pattern EEEAAA, which is completely dif-

e ferent from those of the ftriplet spectra &Pgs in Rb.
M0 VA vz “““’]vq sphaeroide®R-26.1, 2.4.1, and GD(M203)/AW(M260). The
) \ A — R R signal in mutant LH(M214)/AW(M260) is weaker by a factor
of about 300 in comparison to the triplet signals in the other
three systems; nevertheless, tiie value for mutant
Me=- LH(M214)/AW(M260) remains the same and tkevalue

Y i —
\—\__ (0.0039 cm?) is only slightly increased. Therefore, this

triplet state is most likely also stems frorg® The EEEAAA
b polarization pattern in this mutant is similar to that of a
BChla monomer in vitro, shown in Figure 3e, which is
formed by an intersystem crossing rather than a radical pair
mechanism. The signal at & further attenuated by the
ESEEM effect and can barely be seen.

At T = 50 K, the EPR signal changes as compared to
= 10 K. The polarization pattern becomes EAAEEA, and
the Z and Z, transitions are very weak. Strikingly, tH
andE parameters read from the spectrunTat 50 K agree
with those of®Car observed in the other three systems, but
again the polarization pattern is different. Almost no
contribution of3Pggs Signal is observed in the spectrumTat
= 50 K anymore, which indicates that the time constants
for quenching offPges by the carotenoid are even shorter
here than in mutant GD(M203)/AW(M260), but the tem-
perature threshold remains about 30 K.

ESEEM Amplitude [a.u]

0
frequency [MHz]

FiGurRe 5: (a) Schematic energy level diagram for a nuclear spin
| =1 and electron spi&= 1 in a magnetic field, including nuclear e ) )
Zeeman, hyperfine (hfi), and nuclear quadrupole (ngj) interactions.  Additional EPR experiments have been performed with
The three frequencieg{1), vs{2), andvyq of theMs = 0 manifold excitation wavelengtii = 537 nm andl = 590 nm. The

dominate the ESEEM spectrum. (b) Two-pulse ESEEM spectra and motivation for these experiments is that at 537 nm the

modulation patterns (inset) 8Pgqs recorded forRb. sphaeroides . . _ . .
GD(M203)/AW(M260) at the Z(low-field) and Z (high-field) remaining BPheo in the B-branch is excited and at 590 nm

canonical orientations (see Figure 2). The modulation depth at z @ll BChla molecules are excited. At the former wavelength
is about 4 times larger than af; ZThe temperature is 10 K, and no  B-branch charge separation can therefore be selectively
contribution of carotenoid was detected in the EPR spectrum. studied. In both cases, the absolute signal is decreased as
, . compared to excitation at 865 nm, indicating less efficient
The frequencies at 3.2,4.8, and 7.8 MHz are observed N triplet formation. The spectra & = 10 K are shown in
both ESEEM spectra with only a small difference-p0.2 Figure 6. Excitation at 537 nm introduces small but important
MHz. Also, the latter frequency is the sum of the former pangeq in the polarization pattern, marked with arrows in
two frequencies, which shows that 7.8 MHz concems the i re 6b, whereas excitation at 590 nm does not alter the
double-quantum transition and that all frequencies stem from spectrum as compared to excitation at 865 nm. The changes
the Ms = 0 manifold (see Figure 5a). Taking aqva”tage Of gccur exactly at the ¥and Y canonical orientations GPgss
the fact that no hyperfine interaction is presentinMe= 54 show an emissive signal at low field and an absorptive
0 level, an estlm_ate of the size of the quadrupole interaction signal at high field. The polarization of these additional
for the pyrrole nitrogens can be made by using the formula signals is the same as that of theand Y; orientations for

(38) Rb. sphaeroideR-26.1, 2.4.1, and GD(M203)/AW(M260).
5 Simulations.Simulations of the EPR spectra for all four
_ 2, €9Q 2 systems are shown in Figure 7. They are simulated by either
Voq = 2\/1/2 + —h(3 + %) (1) = radical pair or i ; .
pair or intersystem crossing mechanism and concern
simulations for*Pggs (left column) andfCar (right column).
wherev; is the Zeeman frequency f&iN ande’qQ/handy The simulations reproduce the positions of essentially all
are the nuclear quadrupole coupling parameté®. (The bands in the spectra and the overall line shape. Some
asymmetry parameter is defined as mismatches with respect to the line shape occur because of
the presence of a large ESEEM effect in the pulsed EPR
_ Qu— Qy ) spectra at Q-band (vide infra); for example, at the low-field
Q,, side in Figure 7b, the simulation shows an emissive feature

that is suppressed in the experimental spectrum by the
where Qu« Qyy, and Q,; are electric field gradients at the ESEEM effect. The parameters used in the simulation are
nitrogen. The asymmetry parameter ranges between 0 andghown in Table 1. The ZFS paramet@sand E for Pggs
1, and its exact value only influences thaeéfQ/hby about are essentially the same in all four systems under investiga-
0.4 MHz. By using eq 1, a value &?qQ/h = 3.2+ 0.3 tion, as are those fofCar. Also, for3Pggs the effect of
MHz is found. anisotropy of they tensor ¢, = g, = g,) can be observed in
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the high-field signal. This effect can only be simulated by
inclusion of an anisotropig tensor. In the EPR spectra for

E 3Car, the signals at low field and high field have the same
g BPheo BChia :’ses width, and nog tensor anisotropy can be observed.
§ ¥ DISCUSSION

The Q-band ESE-detected EPR spectrRlof sphaeroides

000 et R-26.1, 2.4.1, and the mutants GD(M203)/AW(M260) and

LH(M214)/AW(M260) shown in Figure 3 display different
polarization patterns and temperature behavior. Though some
of these observations are already known from earlier studies
at different microwave frequencies, several new observations
related to A- and B-branch charge separation are made here.
In the discussion, these new observations are interpreted and
discussed, and a comparison is made with existing literature
data where possible. First, the polarization patterns of the
EPR spectra are discussed. They are related to the mechanism
c by which the triplet state o¥Psgsis formed and thereby give
A, =865 nm information about radical pair precursor states on either the
A- or B-branch and the charge separation processes of both
branches. Second, the dynamics and temperature dependence
of triplet—triplet energy transfer fron?Pges to 3Car is
discussed. An interesting observation here is that the triplet

Intensity [a.u]

118 120 122 124 triplet transfer is found to be anisotropic; it depends on the

Magnetic Field [T] orientation of the bRC in the magnetic field. Last, the

FIGURE 6: (Top) UV—vis spectrum and ESE-detected EPR spectra additional signals in mutant LH(M214)/AW(M260) upon
of 3Pges in Rb. sphaeroides H(M214)/AW(M260) atT = 10 K. excitation at 537 nm are discussed. This mutant has only

(Bottom) EPR spectra recorded with laser excitation of wavelength one remaining bacteriopheophytin in the B-branch, and

(a) 537, (b) 590, and (c) 865 nm. The labels in the-tNs spectrum _ - . . .
indicate absorbing cofactors. The arrows at the spectrum with (a) B-branch charge separation can thus be selectively investi

Jexc = 537 nm andT = 10 K indicate additional signals of low  9ated by excitation at 537 nm.

intensity which correspond to the RP triplet stat€’®fss Polarization Pattern, Intersystem Crossing, and Radical
. . Pair Mechanismsin Rb. sphaeroide®.4.1, R-26.1, and
Poos Car mutant GD(M203)/AW(M260), the triplet state is formed

i__,—\\/&w W after light excitation by a radical pair mechanism (Figure
8a). In this mechanism, the excited electron is transferred
?W from Pygs to bacteriopheophytin (H) on the A-branch and
f; forms a radical pair §g5 H, (2, 4, 6, 13). The radical pair
gww,w_ state is initially present as a singlet state. However, since
< the unpaired electrons are located on different molecules,
A’Rﬁ they feel a different effective magnetic fiel81). Because
’ the singlet state remains virtually degenerate with the T

—— Intensity [a.u.]

iﬁ,\/\/\\_~ ° * . sublevel of the triplet radical pair state, a significant mixing
INJ of the S and Tlevels occurs, in which the radical pair states
j/L \/\/V oscillate back and forth between S angl The T, radical
pair state can then recombine to fofRes. This mechanism
P S T S T S is also called the ST, mechanism¥3). In the radical pair
118 120 122 124 118 120 122 124 mechanism theMs = 0 sublevel of3Pggs5 is exclusively
Magnetic Fleld [T] populated. This implies that shortly after the laser flash and
FiIGURE 7: EPR spectra (upper trace) and simulations (lower traces) pafore decay processes play a role, al-¥ T.; transitions
of the 3Pges and 3Car triplet states in bacterial reaction centers of . N . .
Rb. sphaeroides(a) transient EPRPggs5in Rb sphaeroideR-26.1, are _absorptlve andoT_—> T*l aré emissive, as IS explained
T = 10 K; (b) ESE-detected EPRPsgs in Rb. sphaeroides N Figure 8a. A polarization pattern AEEAAE is observed,
LH(M214)/AW(M260), T = 10 K, tpar = 500 ns; (c) ESE-detected ~ which means that the zero-field paramekris positive,

EPR,3Car inRb. sphaeroide&D(M203)/AW(M260), T = 70 K, consistent with previous resultg, @, 6, 34). The quantum

tég(ﬁzgg?/ A”VSG(,\(/?2)6%)S$£‘?SCIEGSDAEP:R2;2;? (Reg"ESSpé‘_%%rggt‘zz yield of 3Pges formation in reduced reaction centers at
EPR,3Car inRb. sphaeroidesH(M214)/AW(M260), T = 50 K, temperatures below 50 K is found to be close to unity; at

toar = 500 ns. The signals marked with belong to a small 300 K it is about 15% 13, 28).

frgggi?nutig)nigi%f% l\JAIlgtii((:)r:]r:;ssﬂrcr)]tir)1/etan|B/rg?scc?)rﬁgér;rahneisnr;iqﬁ]lethe The triplet radical pair mechanism also implies that the

lower trace 50% isc and 50% RP mgechgnism efficiency waé used. ampl!tudes .Of . the absorptive anq em|s§|ve signals are
identical. This is indeed observed in transient EPR spectra

the EPR spectrum. For example, the width of the low-field (see Figure 2 and reé¥8). However, the ESEEM effecB886,

signal in the EPR spectrum 8Pggs is smaller than that of  43—46) may introduce a modulation of the ESE amplitude
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hyperfine interaction is present in this manifold, the
nuclear frequencies are well separated from those of the
cancelledMs = +1 manifold. The latter are close to 0 MHz
and give rise to the intense band close to 0 MHz in the
ESEEM spectrum at B Z, (cf., Figure 5). The frequencies

of theMs = 0 manifold are expected around tHbl Zeeman
frequency (3.6 MHz at Bl Z) and the double of this
frequency. Under the assumption that the four pyrrole

nitrogens have a very similar quadrupole splitting, the
b guadrupole paramete&fqQ/h = 3.2 & 0.3 MHz has been
" read from the spectrum (cf., Results), which is of similar
v

+1 +1
/ ﬁ" / magnitude to that observed in experiments at X-band (3.76
spEd L ET ES—
E[cm™]

MHz (47)). The discrepancy may stem from the fact that at
Bliz,, - ﬂtk_1 ﬂ>\-1

X-band frequency the quadrupole splitting is large enough
T intersystem crossing T Tt

to cause significant mixing of the nuclear spin sublevels even
without hyperfine interaction in th#ls = 0 manifold, and
therefore, the X-band spectra are significantly more difficult

to interpret.
Ficure 8: (a) Triplet formation in bacterial reaction centers of . . . . .
Rb. sphaeroideR-26.1, 2.4.1, and GD(M203)/AW(M260) by the A s_,lmulat|on based on the radical pair mechanism of a
radical pair mechanism. Energies are in wavenumbers and repro-transient EPR spectrum recordedTat= 10 K shortly after

duced from refs5 and 13. Also indicated is the splitting for  the laser flash is shown in Figure 7a fBb. sphaeroides
the triplet sublevels for the magnetic field direction parallel to the R_2g 1. In the transient EPR spectrum, no ESEEM effects

X, Y, or Z principal axis of the ZFS tensor. All population is located - . e
in the Ms = 0 sublevel: the resulting polarization pattern is of are present and the spectrum displays absorptive and emissive

the ESE-detected EPR spectrum. (b) Triplet formation in the Signals of equal intensity. The spectrum is also representative
bacterial reaction center &b. sphaeroidesH(M214)/AW(M260) for Rb. sphaeroide®.4.1 and mutant GD(M203)/AW(M260)

by the intersystem crossing (isc) mechanism. The splitting of at T = 10 K. All features of the experimental spectrum are

the triplet sublevels is identical to (a), but the population is tenrgduced, and the simulation parameters are included in

distributed as described by eq S1, resulting in a different polar- ' . . .

ization pattern. P: special pair (bacteriochlorophyll dimer); B Table 1. Th_eD parameter is 0.0188 crh |den_tlcal to th_e

accessory bacteriochlorophyllJHbacteriopheophytin (both inthe ~ one read directly from the spectrum. The different widths

A-branch). of the low-field and high-field signals are attributed to a small
anisotropy of they tensor offPggs (48, 49). In the simulation

the f le nit h h fine int i in ref 48, theg tensor was assumed to be collinear with the

Fasfeth € four pyr&o eni trﬁgens,lw ozse yperi |rt1e m(ﬂ?ﬂr)ac 10N 7ES tensor. We also use this approximation and the three

is of the same order as the nuclear Zeeman interaclit, ( . values amount to 2.0033, 2.0038, and 2.0023, respectively.

deep modulations can be observed. This phenomenon ISThese numbers are similar, but not identical to the ones found

i o s ot o ey 1 MeGSUEMEnts t 130 and 95 GH4(d9), i ar
y ’ also not identical. The discrepancies, which stem from

Zeeman and hyperfine splitting virtually cancel each other differences of only a few gauss, likely come from the

and cause a large mixing of the nuclear spin sublevels. contribution of“N hyperfine couplings to the width of the

i 1
Though n_ormally "?‘Pp“ed to dogbl@ &) states, the exact EPR spectrum, that become less important at high microwave
cancellation condition works similarly for triplet states. For frequencies

triplet states, théMs = 0 manifold is not split further by
nuclear hyperfine interaction (see Figure 5a). Depending on The ESE-detected EPR spectrum of mutant LH(M214)/
the sign of the hyperfine interaction, cancellation occurs AW(M260) does not display a polarization pattern typical
either in theMs = +1 or Ms = —1 manifold. Therefore, out for a radical-pair-based triplet state. Rather the pattern is
of the two possib|e EPR transitionMé =0< +1 andMg similar to that recorded fofBChla in vitro (Cf., Figure 3,
= 0 < —1) the ESEEM effect will be large only for the Parts d and e), which is formed by an intersystem crossing
EPR transition that involves the “cancelleMs level and  (isc) mechanism. In this mechanism, depicted in Figure 7b,
small for the other EPR transition. the excited electron does not leavess Spin-dependent
The behavior described in the previous paragraph is exactlyProcesses, most notably spiarbit (SO) coupling and spin
what is observed in the two-pulse ESEEM experiments on Spin (SS) interaction30), then flip the spin of one of the
3Pgs. A strong N (I = 1) modulation for Bl Z;, which unpaired electrons to fordiPgss. This triplet state is identical

with positiveD corresponds to thils = 0 < +1 transition to the one formed by the radical pair mechanism in the other
and a shallow modulation for BZ,;, which is theMs = 0 three systems, but because of the different precursor state
< —1 transition. This allows the identification of the relative (i.e., Fgg), the relative populations of the triplet sublevels
sign of the hyperfine interaction with respect to thatDof and hence the polarization pattern differ completely. The
SinceD is known to be positive4, 6), it means that this populations for an isc triplet are given by formul&2jSBy
= +1 manifold is cancelled and the sign of the hyperfine using this formula, the ESE-detected EPR spectrui =t
interaction of the pyrrole nitrogens must thus also be positive. 10 K for mutant LH(M214)/AW(M260) can indeed be
Another attractive feature unique to triplet states is that simulated by using virtually identical parameters used for
the N quadrupole interaction can be directly determined the simulatior-only g, has changed to 2.0042f the radical
from the frequencies of th&ls = 0 manifold. Since no  pair triplet, and a population distribution of the ZFS levels

P

in pulsed EPR spectroscopy. For nuclei witk 0, in this
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px Py, and p of 0.7, 0.3, and 0.0, respectively. The only 30 K the triplet state is taken over by caroten@8)( Monger
discrepancy concerns a difference in amplitude at the low- et al. €0) concluded that the carotenoid triplet was formed
field side, which stems from the ESEEM effect that is not by energy transfer fron¥Pges. Since the energy transfer
included in the simulation. The simulation is given in Figure rate from the donor to the acceptor triplet occurs on a time
7b. scale which above 30 K becomes fast compared with-spin
The observation of an isc triplet and not an RP triplet in lattice relaxation, the acceptor triplet spectrum will
mutant LH(M214)/AW(M260) has two important conse- also display a radical pair polarization patte2B)( The
guences for the charge separation process. First, thecarotenoid triplet has a polarization pattern EAAEEA, which
LH(M214) mutation completely inhibits long-lived radical is opposite to the polarization pattern AEEAAEBss (28).
pair formation at the A-branch. Second, also no long-lived The difference can be explained where thealue of3Car
radical pair is formed af = 10 K in the B-branch. Thisis  is opposite to that of the donotFggs), i.€., negativeZ8). In
in line with the observations that the lifetime of a transient mutant GD(M203)/AW(M260), the puréCar signal could
radical pair is so shortlQ) that the spin state remains a be measured by pulsed EPR shortly after the laser flash
singlet 81). Since no mutation has been introduced at the before decay processes could take place. The simulation
B-branch in this mutant, the second observation is likely valid using a RP mechanism is shown in Figure 7c, the simulation
for all systems. In the wild type case, the A-branch electron parameters are given in Table 1. The DAF-EPR spectra
transfer proceeds at temperatures down to 10 K, the B-branchof 3Car at 70 K can be simulated satisfactorily with three
transfer has a thermal activation barrier of 30 %KL)( time constants, = k, = 4 us, ky = 13 us. As an example,
Anisotropy of Triplet-Triplet Transfer Dynamics and the Car signal attpar = 25 us is simulated in Figure
Relaxation Processeéfter formation of3Pges, spin-depend-  7d, where it is indeed seen that only intensity at the X
ent interactions convert the triplet state back into the ground orientations remains present. The temperature depen-
state. The decay rates are in general temperature dependentence of these numbers is given in Figure 4f. The same
When a carotenoid is present, the triplet state is taken overtemperature dependence is found Riy. sphaeroide.4.1
by 3Car from®Pggs via a Dexter energy transfer mechanism, (Figure 4d), and the numbers agree with previous studies
since3Car is lower in energy thafPgss (30, 51-53). The (27, 57).
energy transfer from dgs to Car occurs via the accessory So far unreported observations concern the anisotropic
BChla in the B-branch, and the rate of the transfer is triplet—triplet transfer described by three growth constants
determined by the activation barrier betweggsBnd BChé for the 3Car signal and the process responsible 36ar
(30, 54). The triplet state of the accessory B&hh the formation in mutant LH(M214)/AW(M260). These will be
B-branch of wild-typeRb. sphaeroideshas never been discussed next.
observed, which indicates that the subsequent transfer to Essentially over the temperature range from 10 to 70 K,
carotenoid is essentially activationless and very fa@}. (If the 3Car signal does not grow isotropically for bokb.
the carotenoid is not present, e.g.Rh. sphaeroideR-26.1, sphaeroide®.4.1 and mutant GD(M203)/AW(M260). At B
3Pges decays back to the ground state, and also a monomerid| X, the rate constant for growth is a factor of 3 faster than
bacteriochlorophyll triplet was observed by optically detected at BIl Y and BIl Z (Figure 4). The initially puzzling result
magnetic resonance (ODMR) experiment5,(56). In can be rationalized if all precursor states including the radical
triplet—triplet transfer, as well as the decay ar to the pair states are considered, and it also gives a clue as to why
ground state, again a spin crossover has to take place. Thehe ratio of three between the growth constants is remarkably
same interactions that are responsible for the formation of constant over the examined temperature range: as reported
the isc triplet are also responsible for this spin crossover, by Frank and co-workers, the energy transfer from the donor

and the decay ratdg are described by eq S3. to the acceptor triplet occurs on a fast time scale compared
For Rb. sphaeroidef-26.1 decay times of 8@s were to spin—lattice relaxation 30, 51). However, the oscillation
observed in the DAF-EPR measurementg at 10 K for frequencyvs_t, between the singlet and triplet radical pair

the X and Y transitions and 25 for the Z transition. These  states is on the order of 15 MHBY), which is similar to
results agree with those from transient EPR spectroscopythe Dexter energy transfer rate. The frequengyt, depends
onRb. sphaeroide@7, 57). Indeed, it is already known that  on the orientation of the molecule in the magnetic field, and
the X and Y sublevels are mainly responsible for deactivation since other rate constants are of similar magnitude, this
of the triplet state of chlorophylls and derivativés). Metz dependence afs_v, is mirrored into the growth rates of the
has shown that for planar aromatic systems one would expectCar signal.
that in calculating the spin vibronic coupling term, the spin  An anisotropic, orientation-dependent quantum yield of
sublevels corresponding to the in-plane molecular aXes ( 3Psss has been reported at 130 GHz owing to this effect,
andY) associated with az* triplet state derive their isc  which is expected to become negligible at lower microwave
activity from first-order, one-center spiorbit coupling with frequencies 48). Though anisotropy in quantum yield is
singletosr* and n7* levels, whereas the Z spin sublevel must indeed not observed at 34 GHz, the anisotropy of the
utilize higher order one-center terms to gain appreciable dynamics and associated rate constarts detectable at
activity (59); therefore the population and depopulation rates Q-band microwave frequencies. The anisotropyefr, can
for the Z level will always be smaller than those for the X be detected on th&ar signal if the other time constants,
and Y levels 27, 28, 58). e.g., for radical pair recombination #%ses, are faster or of
For Rb. sphaeroides2.4.1 and mutant GD(M203)/  similar magnitude. Most likely, the anisotropy @f-v, is
AW(M260) large changes in the triplet EPR spectra are also visible in the growth constants #%s; the latter could
observed upon increase of the temperature to 50 K (cf., unfortunately not be detected due to the spectrometer dead
Figure 3). The shape of the spectrum changes because abovime.
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The growth curves for théCar signal have been fitted simulation is shown in Figure 7c. If 50% efficiency for both
using the model described in the Supporting Information, the isc and RP mechanisms is assumed, the experiment and
and fits are included in Figure 4b as an exampleT At 50 simulation agree very well, as seen in Figure 7e. This has
K, the experimentally observed formation behavior of the important consequences for the charge separation process,
SCar signal inRb. sphaeroide&.4.1 can be understood by asthe RP mechanism implies the formation of a radical pair
assuming thats-1, is equal to 100 MHz for Bl Y, Z and species. Because mutant LH(M214)/AW(M260) does not
13 MHz for Bl X (see the next paragraph). In the model, have a BPheo in the A-branch owing to the LH(M214)
the time constant for radical pair recombination was taken mutation, the radical pair must have formed on the B-branch,
to be 10 ns, the isotropic Dexter energy transfer constantand it seems that at temperatures of 50 K and above, the
1.7 us. Thus, the slow interconversion of the singlet and B-branch becomes active in radical pair formation. From the
triplet radical pairs at Bl X leads to a slower buildup of the  signal-to-noise ratio, the B-branch charge separation amounts
3Car signal at Bl X as compared to B Y or Z, even when to at most 1% as compared to A-branch charge separation
the Dexter energy transfer rate is isotropic, i.e., not dependentin the native system, which is much more efficiehb,(16,
on the orientation of the bRC in the magnetic field. 63, 64).

The spread invs-t, of one order of magnitude used i \ygelength Dependence &Pges Formation. In mutant
the model is large. However, the frequency of the radical LH(M214)/AW(M260), 3Psss at T = 10 K is formed by an
pair oscillation indeed seems to be very orientation dependentsc mechanism upon direct excitation at 865 nm. This mutant
if measured on the triplet radical pair state directly. This is ¢gntains only one remaining BPheo in the B-branch. This
confirmed by transient EPR measurements reported in refgystem is therefore ideally suited to investigate the B-branch
61, particularly in Figure 3, where a large variationc r, charge separation process since it allows a selected excitation
with selected orientation is observed. An alternative model of the BPheo at 537 nm, where no other pigments absorb.
that includes the possibility of carotenoid in two or even Upon excitation at 537 nm, the absolute signal becomes
more conformationsd0, 52, 53, 62) was found insufficient  smajler and acquisition of the triplet ESE-detected EPR
to explain the observed anisotropy of t€ar growth  gpectrum with a signal-to-noise ratio of about 5 requires
constants, since the presence of multiple com‘ormatlonsa“,eraging of close to 12 h. However, the shape of the EPR

would just lead to multiple, but isotropic growth constants spectrum displays minor changes as compared to that with
(though the employed model does not rule out the presencegycitation at 865 nm.

of multiple conformations of the carotenoid). Also, a three-
spin model described in literaturgl), which includes a third
electron spin on @ has been tested but was found to be
inadequate, since the mutant GD(M203)/AW(M260) ef-
fectively has no @ and still displays virtually identical
behavior aRb. sphaeroide®.4.1. As noted in re#l8 the
anisotropy of triplet formation introduced by that @&+,
depends strongly on the relative orientations ofghensors

of the radical pair constituents. An even more sophisticated
model that explicitly includes these quantities and their o ) : .
relative orientations to the ZFS andensor ofCar would polarization seems to be quite unique to the RP mechanism

lead to too many parameters in the simulation and hasfor triplet formation, see Figure 3.
therefore not been attempted. The question then is how does the triplet state end up at
Now the double-mutant LH(M214)/AW(M260) is con- Psss after excitation of BPheo and by which mechanism are
sidered, which displays #sgs signal atT = 10 K formed the two additional “RP-like” signals at the Y canonical
by isc (Figure 8b). Since Dexter energy transfer is a spin- orientations formed? Formally, these processes occur on a
conserving process, the polarization pattern ®Bfes is faster time scale than that of the EPR experiment; an answer
expected to be taken over B@ar under conservation of the ~ fully substantiated by EPR spectroscopy can therefore not
spin polarization. This is indeed the case. At 50 K, the be given. The EPR spectra, however, indicate the following.
EPR spectrum can be simulated by using theand E Most likely, most of the excitation energy is transferred from
parameters fofCar and using the same population distribu- H to Pses (PsesH*) — (PsesH), and then the isc triplet on
tion that was required to simula#®ses in this mutant. The  Pges is formed. This would yield the same spectrum as that
simulation is shown in the center trace of Figure 7e, and the after excitation at 865 nm. Additionally, and with low
parameters are included in Table 1. efficiency, it can be possible that an electron is transferred
At the low-field (Z) and high-field (%) edges, the  from Pgss to BPheo* by HOMO-based electron transfer or,
simulation does not agree with the experimental spectrum, equivalently, HOMO-based hole transfer in the other direc-
for which the signal is close to zero. It can be shown that if tion (65—68), as is indicated in Figure 9b. This would then
only the isc mechanism populates the triplet state, an intensitylead to a B-branch RP,;E-, Hg , that can recombine g5
of zero along Z would mean equal intensities at the X and by the RP mechanism (see Figure 9b). The net result is that
Y canonical orientations. This is not observed experimentally. 3Pges is formed after 537 nm excitation by a dominant isc
Thus the experimental spectrumTat= 50 K cannot result ~ mechanism and a minor contribution from a HOMO-based
solely from an isc mechanism. A more plausible explanation RP mechanism; the latter contribution is most prominently
for the mismatch at the low-field and high-field sides is that visible at the Y orientations. The latter mechanism implies
atT = 50 K, also the RP mechanism becomes operative in charge separation in the HOMO instead of the LUMO, or
populating the triplet state. For the RP mechanism the “hole transfer”, whereby the created hole in HOMO of the

The D and E parameters of the spectrum at 865 nm
excitation are identical to the ones observed 845 in
Figure 3a-d. Thus, the spectrum recorded after excitation
at 537 nm is also assigned ;65 A possibility that the
spectrum contains part of a BPheo triplet is unlikely, since
the spectrum does not agree with the ZFS parameters for
BPheo in vitro. It is known that the BPheo isc triplet EPR
spectrum has polarization E af¥and A at Y (2), instead
of the A, E polarizations observed here. An A and E
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FIGURE 9: (a) Formation ofPggs at T = 10 K in Rb. sphaeroidekH(M214)/AW(M260) by the intersystem crossing (isc) mechanism at
excitation of 865 nm; (b) possible HOMO-based formatiorffegs by the radical pair mechanism at excitation of 537 nm.

BPheo is filled by an electron from the donor. It is interesting significantly influence the spin dynamics involved in the
to speculate whether both LUMO- and HOMO-based charge initial steps of charge separation.

separation processes may occur under illumination by white  Finally, small but significant changes in the electron spin
(sun)light at room temperature under physiological condi- echo detected EPR spectrum of mutant LH(M214)/AW-

tions. (M260) at 10 K have been observed upon change of the
excitation wavelength to 537 nm. At this wavelength the
CONCLUSIONS remaining bacteriopheophytin in the B-branch is directly

excited. The observed additional signals seem to stem from
SPges that is induced by a radical pair mechanism. A possible
explanation for this observation is the existence of HOMO-
based electron transfer, or hole transfer, in which the created
hole on bacteriopheophytin is filled by an electron frogssP
with concomitant formation of the B-branch JRHS]
radical pair. All B-branch related processes observed in the
EPR spectra at low temperature occur with an efficiency that
is at most 1% of that of the corresponding processes of the
A-branch. By the observations made here with EPR spec-
(roscopy we conclude that this difference likely stems from
a temperature-activated process betweggpdhd the acces-

transfer lggs — Car is observed. Moreover, a contribution sory pact.eriochlorophyll on the B—brfinch. A theoretical
to the spectrum by the radical pair mechanism is observednvestigation as to what causes the difference between the

in mutant LH(M214)/AW(M260), indicating that the B- rates of A and B—.branch radical pair formation, e.g., with
branch is “switching on” at these temperatures. The observa—reSpe(.:t to the distance betweege:Pand the_apcessory
tion that both the triplettriplet energy transfer as well as bacteriochlorophylls of the A- and B-branches, is in progress.
the B-branch radical pair formation become active at the

same temperature above about 30 K, and the observationACKNOWLEDGMENT
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that no thermal barrier exists for A-branch charge separation
down to this temperature. SUPPORTING INFORMATION AVAILABLE

Second, a triplet carotenoid EPR signal has been observed . ) .
above 30 K. The growth rate of this signal depends on the ESE-detected triplet EPR spectra®Bfesin Rb. sphaeroi-
orientation of the reaction center in the magnetic field. The deSR-26.1 at different delay times between pulsed at
observed anisotropy of the growth rate can be traced backl0 K, simulation of EPR spectra, simulation of triplet
to that of the frequency associated with the radical pair formation, decay and trans_fer kinetics an(_j two-dimensional
precursor state [2 H*] that oscillates between the singlet DAF-EPR spectrum ofPyes in Rb. sphaeroideR-26.1 atT
and triplet states with a frequency that depends on the — 10 K. This matenal is available free of charge via the
orientation of the bRC in the magnetic field. This behavior Internet at http://pubs.acs.org.
is observed for botliRb. sphaeroideg.4.1 and mutant GD-
(M203)/AW(M260), for which the quinone on the A-branch REFERENCES

cannot occupy its normal binding pocket. It therefore seems 1 Blankenship, B., Madigan, M., and Bauer, C. (1988pxygenic
that the presence of an additional spin of d@es not Photosynthetic Bacterj&luwer Academic Publishers Dordrecht.

The observed polarization pattern at low temperature in
the electron spinrecho detected EPR spectraRif. sphaeroi-
desR-26.1, 2.4.1, and mutant GD(M203)/AW(M260) indi-
cates that the triplet state éPsqs5 is formed via the radical
pair mechanism. In mutant LH(M214)/AW(M260), the
polarization pattern is completely different, and the triplet
formation is explained by the isc mechanism. The observation
of a®Pggs signal formed by isc indicates the absence of long-
lived radical pair precursor states along the A-branch. Also
the native B-branch is not active in charge separatioh at
= 10 K. The situation changes when the temperature is raise
to about 30 K. In the bRCs with carotenoid, triptatiplet
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