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ABSTRACT:. The LH1 antenna complex and a native form of the LH2 complex were isolated from the
carotenoidless R26 and R26.1 mutant®bbdobacter sphaeroidéy the use of a new detergent, sucrose
monocholate. One-color, pump-and-probe transient Raman spectroscopy of these complexes using 351
nm, ~50 ps pulses showed the generation of the triplet state of bacteriochlorepi®@hl a), whereas
measurements using 355 w12 ns pulses showed the generation of B&thtion radical. Subpicosecond

to nanosecond time-resolved absorption spectroscopy using 388 nm, 200 fs pulses for excitation showed
rapid (<1 ps) generation of the triplet state and fast decag( ps) of the singlet state of BClal
Microsecond absorption spectroscopy confirmed the generation ofd¢zttion radical. EPR spectroscopy

using 532 nmy~5 ns pulses for excitation established the generation of B@altion radical. The EPR

line width suggested that the unpaired electron is shared by two 8@flecules. In LH1, the yield of

BChl a cation radical per complex was estimated to be about 80% of that in the reaction center, and in
LH2 about 50%. Thus, rapid generation of the triplet state, and its subsequent transformation into the
cation-radical state of BChh have been shown to be intrinsic properties of B870 and B850 BChl
assembly in the carotenoidless LH1 and LH2 antenna complexes. In the case of the carotenoid-containing
LH2 complex, the triplet states of BChland carotenoid (spheroidene) were generated immediately after
excitation, but the triplet-state BClal was quenched efficiently by the carotenoid so that no B&hl

cation radical was generated. Thus, the photoprotective function of the carotenoid in this antenna complex
is shown.

The photosynthetic system in the membranes of purple can be transferred to the LH1 complex and eventually to
photosynthetic bacteria consists of two different assembliesthe RC. The ratio of the LH2 complex versus the I-HRC
of pigment-protein complexes, that is, the light-harvesting complex changes depending on the light conditions. The
1 (LH1Y)—reaction center (RC) complex and the LH2 structures of the LH2 complexes froRhodopseudomonas
complex. The light energy captured by the LH2 complex acidophila 10050 andRhodospirillum molischianurhave
been determined by X-ray crystallograptly5): It has a
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" Kwansei Gakuin University. Further, the structure of the LH1 complexRhodospirillum
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I University of Glasgow. rubrumhas been proposed recently on the basis of electron
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! Abbreviations: BChl, bacteriochlorophyll; BCht, bacteriochlo- momcu'.e' Thus, the common StrUCtu_ral motif of th.e light
rophyll a cation radical; BPhe, bacteriopheophytin: Car, carotenoid; harvesting complexes (LHCs) consists of the circularly

Chl, chlorophyll; D, the cation-radical statésHp, peak-to-peak first- stacked BChl macrocycles such as the blades of a turbine.

Eg”svalt.'t‘r’f “”3 ‘é"'dthl? Lll:f)AEO’ m\‘éd'lr_“?]tth%'dOdet‘%y'am'“‘N'on'dﬁh1 The implication of this stacked structure has been studied
, lthium aoaecyl sulrate; , Ignt-narvesting complex; , . .

light-harvesting complex 1; LH2, light-harvesting complexi2;and extensively on theoretical ba}se%—(ll). . .

vk, the acetyl- and keto-carbonyl stretching modesy', v, andv.*, To understand and appreciate the photophysical properties

the ring-breathing (the SCm stretching) modes in the,SS;, Ty, and of the higher-order organization of the entire photosynthetic

Do states, respectively; PAGE, polyacrylamide gel electrophoresis; RC, gystem in the light-harvesting function, we used the first
reaction center; &the ground state;;Sthe lowest excited singlet state; > ! . .
SDS, sodium dodecyl sulfate; SMC, sucrose monocholaf¢hd lowest strategy of examining each component. From this viewpoint,

triplet state; Tris buffer, 20 mM Tris-HCI (pH 8.0). we have choselisolated LH1 and LH2 complexes from
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purple photosynthetic bacteria. To reveal the possible pho-
toprotective functions of carotenoid in the LHCs, for (a)
example, quenching triplet BChl which can cause the
generation of harmful singlet oxygen, and preventing the
formation of cation radical which can cause oxidative
degradation of BChl, we need to examine what happens in

the LHCs lacking carotenoids. Therefore, we have chosen

the LH1 and LH2 complexes from the carotenoidless mutants

of Rhodobacter sphaeroidd®26 and R26.1 and examined L \ _vCHj,
whether the triplet and the cation-radical states of B&hl -
can be generated by photoexcitation. Then, we have tried to

contrast the photophysical properties of the carotenoidless

LH2 complexes to those of the carotenoid-containing LH2

complex fromR. sphaeroide.4.1. This comparison can

be justified by the resonance Raman results suggesting that

the assembly of B850 BChls and the and s-peptides in (b)
the carotenoidless LH2 complex and that in the carotenoid-
containing LH2 complex are basically the sam&2)(

although the former lacks carotenoid and B800 BChl. To

reveal the photoprotective function, we applied high photon HO™"
energy by exciting BCh& at Soret absorption as well as a HO)

large number of photons~10'® photons/cr®) which is oH CHOH
comparable to the number of BCamolecules in the beam. OH

(The photon energy can be regarded as a physio|ogica|FlGURE 1: The chemical structures of (a) BChkbacteriochloro-
condition, but the number of photons must be considered to P!l @ and (b) SMC (sucrose monocholate).

be far from the ordinary physiological conditions, although . . . ,
our preparation turned out to be stable enough under thissphaer0|des(20—22) and the carotenoidless "B850” LH2
extreme condition.) complex has been isolated from the R26.1 mutaBt5),

X the carotenoidless LH1 complex has never been isolated in

A powerful technique to achieve this goal is transient .
resonance Raman spectroscopy: Resonance Raman spe . stable form from the tightly bound LHIRC complex

. . : ._Decause any detergent which was strong enough to break
troscopy can detect selectively a short-lived transient species
. L . - ““down the LH}-RC bondage destroyed the LH1 complex
whose transient absorption is in resonance with the probing itself (25). Further, the “B850” form of the LH2 complex

wavelength; BChla transient species can be detected turned out to be unstable following irradiation with laser
selectively in a huge assembly of the pigment and peptldespulses. Eventually, we have succeeded in the preparation of

in the carotenoidless LHCs. Further, a pair of transient an intact LH1 complex and a stable form of the LH2 complex

species with different lifetimes can be detected selectively o o
by transient Raman spectroscopy using pulses whose durapy the use of a combination of lithium dodecyl sulfate (LDS)

tions differ by 2 orders of magnitude. It has been established and a new detergent, sucrose monocholate (SMC).
previously for BChla free in solution {3, 14 that the MATERIALS AND METHODS
frequency of the ring-breathing Raman line can identify the
electronic state (whether it is the triplet or the cation-radical ~ChemicalsThe detergent, sucrose monocholate, was a gift
state, for example) and the coordination state (whether thefrom Mr. Hideo Ishiwatari (it can be purchased from Dojindo
magnesium atom is penta- or hexacoordinated). Therefore,Laboratories, Kumamoto, Japan); lithium dodecyl sulfate was
it is now straightforward to use the ring-breathing frequency purchased from Sigma Chemical Co. (St Louis, MO), and
of the BChla molecules bound to the LHCs to identify the LDAO was purchased from Fluka Fine Chemicals (Tokyo,
electronic and coordination states induced by flash photolysisJapan). Chemicals used for culturing the cells and the rest
(see Figure la for the structure of BGi)I Another powerful of the chemicals for isolating the LHCs were obtained from
tool is subpicosecond to microsecond time-resolved absorp-Kishida Chemicals (Osaka, Japan). Chemicals used for
tion spectroscopy: the electronic absorption spectra of the sodium dodecyl sulfate (SDSpolyacrylamide gel electro-
triplet state {5—17) and the cation-radical stat&8) of BChl phoresis (PAGE) were purchased from Wako Pure Chemical
a have been well-established, although the spectrum of its Industries Ltd. (Osaka, Japan); a kit for molecular weight
singlet state has not been fully determind®)( The most determination was obtained from Pharmacia Biotech (Mil-
powerful tool to prove the generation of the cation-radical waukee, WI). Bacteriochlorophyk was prepared as de-
state is EPR spectroscopy, which also provides information scribed previouslyZ6).
concerning the amount of BClal cation radical generated Culturing the Cells and Preparation of the Chromato-
and the extent of delocalization of the unpaired electron. phores.The strain of the R26 mutant &. sphaeroidewas
The preparation of the LH1 and LH2 complexes has been a gift from Prof. R. K. Clayton and that of the R26.1 mutant
the most difficult problem to overcome before the application was given by Prof. W. R. Sistrom. The cells were grown at
of resonance Raman, electronic absorption, and EPR spec30 °C anaerobically in the succinate mediudT), they were
troscopies to the bound BCla molecules. Although the irradiated through a filter 21% transparent above 500 nm
carotenoid-containing LH1 and LH2 complexes have been (Plexiglass, GMBH Chemicals, Germany) to prevent back
successfully isolated from the wild-type and a mutanRof =~ mutation into the wild type. The harvested cells were washed
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several times with 100 mM Tris-HCI (pH 8.0) and stored in ~ Stationary-State Electronic Absorption Spectroscdjmne
a deep freezer<30 °C) as pellet. ground-state, electronic absorption spectra of the pigment

The chromatophores were obtained by sonication, using protein complexes and th_e chromatolphores were recorded
an ultrasonic disruptor (TOMY UD-201, 20 kHz, 127 W), atroom temperature by using a Hitachi U-2000 double-beam
of the cells which were suspended in the above buffer to SPECtrophotometer. _
which DNase and magnesium chloride were added. The Resonance Raman Spectroscdfiye carotenoidless LH1
sonication was performed at @ under nitrogen. The  @nd LH2 complexes were suspended in Tris buffer containing
suspension was centrifuged twice at 25@@0remove debris,  0-2% SMC at a concentration of OD {Q~ 100 cm*,
Then, the supernatant was centrifuged at 22§66090 min ~ Whereas the carotenoid-containing LH2 complex was sus-
to pellet the chromatophores. They were washed severalPe€nded in Tris buffer containing 0.1% LDAO at the same
times to completely remove cytochromes, resuspended in 20¢0ncentration. Each suspension was sealed under a nitrogen
mM Tris-HCI buffer (pH 8.0), and stored at>€. (Hereafter, atmosphere into an ampule, which was used as a spinning

20 mM Tris-HClI buffer (pH 8.0) will be simply called “Tris cell. Two different types of light source were used: one,
buffer”.) the 351 nm, 50 ps and 1 kHz pulses from a combination of

a Nd:YLF laser (Quantronix 4216) and a Nd:YLF regenera-
tive amplifier (Quantronix 4417); and the other, the 355 nm,
12 ns and 10 Hz pulses from a Nd:YAG laser (Lumonics
HY-400). Each of the “picosecond” and “nanosecond”
transient Raman spectra was obtained as a difference
spectrum by subtracting the low-power spectrum3anWw,
defocused) from the high-power spectrum (25 mW, focused)
(30). In the high-power measurements, the photon densities
applied were approximately 1.% 10 and 1.1 x 10Y
photonpulse-cm™2 in the picosecond and nanosecond
Raman spectroscopy, respectively. The number of photons
used for excitation was on the same order as the number of
molecules in the beam in the former, and the number of
photons was by 2 orders of magnitude larger than the number
of molecules in the latter.

The low-power spectrum was regarded as a ground-state
(S9) Raman spectrum. We will present only thg Flaman
spectra detected by using the nanosecond pulses for the LH1,
“B860”" LH2, “B850” LH2, and RC complexes (see the first
subsection of the Results section for the definition of “B860”

Preparation of the LHCThe results of the preparation of
the carotenoidless LH1 and LH2 complexes will be described
in detail in the Results section; the carotenoid-containing LH2
complex from the wild type (2.4.1) was purified by DEAE-
cellulose chromatography as descrived previoua8) (ith
some modification. Only the steps in the preparation of the
carotenoidless LH1 complex will be described here: (i) The
R26 chromatophores (QR = 25 cn1?!) were solubilized
with 0.5% LDS at room temperature for 10 min in the dark
under nitrogen. (ii) The suspension was diluted with 3
volumes of Tris buffer, and centrifuged at 25@0f@r 15
min. (iii) The supernatant was applied onto a stepwise
sucrose gradient (0.75, 1.0, 1.5, and 2.0 M sucrose in Tris
buffer containing 0.25% SMC; the ratio of the supernatant
to the the sucrose solution is 1:4). Then, it was centrifuged
at 225004 for 14 h. (iv) The crude LH1+{ RC) component
was collected, dialyzed against Tris buffer with 0.2% SMC,
and concentrated to QR = 25 cnmL. (v) This component
was solubilized again with 0.5% SMC at room temperature

fgr 10 min in the dark under nitrogen. Then, the procedures and “B850” LH2 complexes) because theFBman spectra
(i) and (iii) were repeated to collect the pure LH1 complex. d , ; ;

} etected by using the picosecond pulses were essentially the
Preparation of the RCThe chromatophore membranes same, but their S/N ratios were slightly lower. The picosec-
from R. sphaeroidef26 (ODy1 = 50 cnt?) suspended in  ond and the nanosecond transient Raman spectra will be

Tris buffer were under nitrogen solubilized with 0.15% presented only for the LH1, the B860 LH2, and the RC
LDAO in the presence of 100 mM NaCl at room temperature complexes, because the B850 LH2 complex was destroyed
centrifuged at 2250@pfor 1 h. The pellet was resuspended  for the transient Raman spectra by filtering Fourier trans-
to the same volume of Tris buffer and solubilized again with fgrmed high-frequency components using a Haning filter.
1% LDAO under exactly the same conditions as described Subpicosecond to Nanosecond Time-ResbAbsorption
above. The suspension was then centrifuged at 22500 gpectroscopyEach of the carotenoidless LH1 and B860 LH2
2 h. The supernatant was a RC-enriched fraction, which wascomplexes and the carotenoid-containing LH2 complex were
purified by DEAE-cellulose chromatography as described syspended in the same buffer as in the case of Raman
previously @8). spectroscopy at the concentration of ODX& ~10 cnT?,
SDS-Polyacrylamide Gel Electrophoresihe purified Before each measurement, the suspension was deoxygenated
sample (LH1, LH2, or RC) was suspended into 62.5 mM by repeating, for 28630 cycles, gentle vacuuming and
Tris buffer (pH 8.0) containing 2% SDS and 184mercap- subsequent filling with high-purity nitrogen gas. A peristaltic
toethanol (pH 6.8), and then, the suspension was heated irpump was used to circulate the suspension through a flow-
boiling water for 3 min. Polyacrylamide gel electrophoresis cell (optical path, 1 mm) from and to a sample reservoir
(PAGE) was performed by the method of Laemr)(using (15—20 mL) which was cooled in an ieevater mixture.
11.5-16.5% polyacrylamide gradient gel and an Elic blot- The sample suspension was purged with the nitrogen gas
and-slab-gel apparatus (M&S Instruments, Japan). The sizeduring the measurement. A 5:0 105> M BChl a solution
of each gel-slab was & 85 x 55 mm. Electrophoresis was of pyridine was also examined.
performed for 60 min at room temperature in the constant- The setup for time-resolved absorption spectroscopy was
current mode (0.04 amps). The protein bands were thenas follows: The output pulses (776 nm, 120 fs, 1 kHz, and
visualized by staining with 0.25% Coomassie Brilliant Blue 1 mJ/pulse) from a regenerative amplifier (Spectra Physics,
R-250. Photographs were taken after destaining the gel with Spitfire) which was seeded by a mode-locked Ti:sapphire
a solution containing 20% ethanol and 10% acetic acid. laser (Spectra Physics, Tsunami) was split into two compo-
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nents by using a 10% thin-film beam splitter. The major Table 1: Characteristics of the CulturesRifiodobacter sphaeroides
component was frequency-doubled by the use of a type | R26 and R26.1

BBO crystal (0.5 mm thick) to generate the pumping pulses

. . parameter R26 R26.1
at 388 nm, and the. minor component was focused into a growth rate - P
waper cell (_10 mm thick) t_o generate a white continuum. The suspension ninky blue blue
white continuum was split by the use of a 50% broad-band  supernatant pink pale yellow
beam splitter into the probe and the reference beams; the sediment blusih grey blue (loose sediment)
former was overlapped with the pumping beam with an angle _ (well-packed pellet)
of 5—7°. The polarization of the probe beam was setto 54.7 _Qabsorption 873 nm 863 nm

with respect to the vertically polarized pump beam. The
probe and reference beams were focused onto the upper anditrogen until EPR measurement. Transient EPR spectra were
lower parts of the entrance slit of a spectrometer (Spex 270recorded by using a Bruker ESP 300E system equipped with
M) equipped with a two-dimensional CCD detector (Princ- a transient microwave bridge (ER 046XK-T). The sample
eton Instruments, LN/CCD 1152 EUV). The delay time was irradiated through a window (diameter, 6 mm) of a
between the pump and probe pulses was controlled by aTEg -mode cylindrical cavity with the 532 nm pulses (power,
computerized optical delay line. For each measurement, the50 mJ; duration, 5 ns; and repetition, 1 Hz) from a Nd:YAG
nonresonant optical Kerr effect signal of the buffer or the laser (Continuum, Surelite 1). A capillary containing3Gr
solvent was measured and used for the correction of thedoped MgO ¢ = 1.9800) was set inside the cavity as a
group velocity dispersion 3(). The full-width-at-half- reference to calibratg values and intensities. To improve
maximum of the cross-correlation traces between the pumpthe S/N ratio, 100 kHz magnetic field modulation with an
and probe pulses was determined by the optical Kerr effectamplitude & 3 G was applied, and the EPR signal was
signal to be about 220 fs as an average for all of the detected by using a lock-in amplifier with a time constant
wavelength region. For the measurement of the region aboveof 200 us. The timing between the laser pulse and the
700 nm, a glass filter (HOYA O-560) was set in front of the transient EPR measurement was adjusted by a digital delay
entrance slit to avoid second-order interference; a pair of pulse generator (Stanford Research Systems DG 535) which
spectra were then combined to cover the-4850 nm region. was controlled by a personal computer (IBM Aptiva 730).
The photon density applied to the sample was £.90® External triggers were applied to start recording 28@arlier
photoncm™2, and the number of photons and the number of than the laser flash excitation. A set of 200 transient
molecules in the beam were comparable. No smoothing of signals was accumulated. Temperature was set to 110 or 250
the observed spectra was performed. K by the use of a continuous-flow He cryostat (Oxford ESR-
Submicrosecond to Microsecond Time-ResdlAbsorp- 900).
tion Spectroscopylhe concentrations of the carotenoidless  |n chemical oxidation experiments;50 mM potassium
LH1 and LH2 complexes and the carotenoid-containing LH2 ferricyanide was added to the suspension of the LH1 complex
complex were adjusted to OD ()= 6 cnt™. Before each  in Tris buffer (ODy;s = 100 cnt?) containing 0.2% SMC.
measurement, the suspension in a cubic quartz cell (opticalcw EPR spectra were recorded at 110 or 296 K by a
path, 2 mm) was deoxygenated by bubbling nitrogen gas conventional method within 5 min after the addition of
through it; it was kept under the nitrogen atmosphere during ferricyanide.
the measurement. The solutions of BGhldissolved in
pyridine and carbon tetrachloride (8 10~4 M) were also RESULTS
measured for comparison. The pumping pulses (355 nm, 12
ns, 1 Hz, and 15 mJ/pulse) were obtained as the TH from a Isolation and Characterization of the Carotenoidless LHCs
Nd:YAG laser (Lumonicsy HY-400) The probing pu|ses (60 from R. sphaeroide§ince the R26 mutant contains only
lus) which were obtained from a Xe flash lamp (Tokyo the LH1 complex25, 32, 33 and the R26.1 mutant contains
Instruments, XF-80) were split by a 50% beam splitter into both the LH1 and LH2 complexe¥), the LH1 and the
the probe and the reference beams; the pump beam crossebH2 complexes were isolated from the R26 and R26.1
the probe beam on the sample cell with an angle-a€°. mutants, respectively. Table 1 lists the characteristics of the
The probe and the reference beams were focused, throughwo mutants: They are different in growth rate, and in the
an optical fiber lens system, onto the entrance slit of a colors of culture, supernatant, and cells. The Wavelength of
spectrometer (Acton, SpectraPro 275i) which was equippedthe Q absorption is useful to distinguish the two mutants.
with a dual intensified diode array detector (Princeton  Sucrose monocholate (SMC, see Figure 1b for the
Instruments, DIDA-512 GR). The timing among the pumping structure) is a nonionic derivative of cholic acid. Due to the
and the probing laser pulses and the gating pulse (50 ns) foraddition of the sucrose group, it becomes less hydrophobic
the detector was controlled electronically by using a com- than cholic acid. Since both moieties of steroid and carbo-
bination of a digital delay pulse generator (Stanford Researchhydrate have plane structures, the detergent can cover the
Systems DG535) and a high-voltage pulse generator (Prin-surface of a membrane protein without destroying its three-
ceton Instruments, PG-200). The photon density applied to dimensional structure. Therefore, at an appropriate concen-
the sample was 8.5 10'7 photonpulsel-cm™2, and the tration, this detergent would not disturb significantly the
number of photons exceeded by 2 orders of magnitude thepigment-protein and pigmentpitment interactions. SMC
number of molecules in the beam. has a cmc value of 4.7 mM, and therefore, it can be easily
EPR SpectroscopyEach sample in suspension or in removed by dialysis under the concentrations below 5 mM.
solution (ODnax &~ 100 cnm?) was loaded into a Suprasil ~ Since solubilization of the LHCs using this detergent alone
quartz tube (inner diametery 4 mm) and stored in liquid  was found to be not efficient enough, we decided to use both
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LH1 LH2 (B860) LH2 (B850)
0.75M 0.5M 0.3M
0.5M
B .
1.0M LH2
1.0M
] 0.6M
1.5M 1.5M
2.0M 2.0M 1.2M
—/
Solubilization Solubilization Solubilization
(1)LDS (2) sSMC (1) LDS (2) SMC (1) LDS (2) LDS
R26 R26.1 R26.1

Ficure 2: The results of sucrose density-gradient centrifugation after (1) the first and (2) the second solubilizations of the LH1, B860 LH2,
and B850 LH2 complexes. The sucrose density of each layer and the component of each band are indicated; shadowed top bands are due
to denatured components.

LDS and SMC for solubilization and SMC (at a lower M RC LH1 LH2 LH2 M
concentration) for suspending the resultant LHCs. (B86o)  (B850)
The preparation of the LH1 and the LH2 complexes was —_ —_—
based on a two-step solubilization using (1) LDS and (2) — -
SMC; each solubilization was followed by fractionation by -— —_—

stepwise sucrose gradient centrifugation (see Materials and
Methods). —

(a) Preparation of the LH1 Complekigure 2 (left) shows
a schematic presentation of sucrose density gradient cen- —_
trifugation after the first (LDS) and the second (SMC)
solubilizations. After centrifugation of the first solubilization,
the LH1 fraction (dirty green) came down just above the - —
layer of 2.0 M sucrose, but its electronic absorption spectrum N A
(vide infra) showed that the RC complex still remained. (This ~ o = = ==
component can be either the LHRC complex or amixtureé  pgyre3: The results of SDSPAGE for the RC, LH1, B860 LH2,
of the LH1 and RC complexes.) At the top of the tube, and B850 LH2 complexes. The marker proteins (M) include
denatured components (brownish green) appeared. Afterphosphorylaseb (M, = 94 000), albumin (67 000), ovalbumin
centrifugation of the second solubilization, the RC component (43 000), carbonic anhydrase (30 000), trypsin inhibitor (20 000),
was completely removed, and the pure LH1 complex (ice 2ndo-lactalbumin (14 400).
blue) appeared above 2.0 M sucrose.

(b) Preparation of a New Type of the LH2 Complex whose
Qy Absorption Appears at 863 nm (We Call this B860 LH2
Complex)The purification procedures were exactly the same
as in the case of the LH1 complex except for that we used .
the chromatophores (@B = 25 cntl) from the R26.1 Figure 3 shows the results of SBBAGE for the RC,
mutant instead of the R26 mutant, and that we purified only LH1, B860 LH2, and B850 LH2 complexes. On the basis
the LH2 component. Figure 2 (middle) shows the results of of the molecular weights of the marker proteins (see the
centrifugation of the first (LDS) and the second (SMC) caption of Figure 3), the apparent molecular weight on the
solubilizations. After centrifugation of the first solubilization, SDS-PAGE for thea andf subunits could be determined
a new band (dirty blue) appeared within 0.75 M sucrose; its to be 12000 and 8000 for the LH1 complex and 10000 and
electronic absorption spectrum and SEFSAGE showed that 8000 for the LH2 complex. The real molecular weigh)(
it was a crude LH2 component. In addition to this, a band for the o and 8 subunits were determined by amino acid
(dirty green) consisting of the LH1 and the RC complexes sequencing to be 6809 and 5441 for the LH1 complex and
appeared at the 1.5 M sucrose as in the above case of thé&647 and 5850 for the LH2 comple84). [The M, values
R26 mutant; the top band is again a contaminated degradatiordetermined for the H, M, and L subunits of the RC complex
product (dark dirty green). After centrifugation of the second were reported to be 28 003%), 34 265 36), and 31 319
solubilization of the LH2 component, a pure B860 LH2 (37), respectively.] The electrophoretic patterns prove that
complex (ice blue) was obtained. we could isolate the LH1 complex and that the peptide

(c) Preparation of the Traditional B850 LH2 Complex. subunits of our B860 LH2 complex are the same as those of
Here, we repeated twice the LDS solubilization followed by the traditional B850 LH2 complex. No contaminating pep-
sucrose density gradient centrifugation; Figure 2 (right) tides are seen for each pigmeirotein complex.

I
It
I

shows the results. After centrifugation of the first solubili-
zation, a band of a crude complex (blue) appeared at the top
of 0.6 M sucrose; after centrifugation of the second solubi-
lization, a pure B850 LH2 complex (ice blue) was obtained.
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Ficure 4: The electronic absorption spectra of the LH1 complex FGURE 5: The electronic absorption spectra of the B860 LH2
(solid line), a crude LH1+ RC component (dotted-broken line), complex (solid line), the B850 LH2 complex (dotted line), and the

and the chromatophores (broken line) frétn sphaeroidefR26. chromatophores (broken line) froR. sphaeroidefR26.1.

Table 2: Electronic Absorption Peaks of the Light-Harvesting and  Table 3: Classification of the Electronic and the Coordination

the Reaction Center Complexes fraRiodobacter sphaeroidd?26 States of BChh in Terms of the Ring-Breathing Frequency (chi

and R26.1 _ . _ _ electronic state penta-coordinated (V) hexa-coordinated (VI)

absorption peaks (nm) intensity ratio ground (%) 16111605 (12 1599-1594 (8)

origin sample protein Soret ,Q Qy protein/Q cation radical () 1599-1595 (7) 1588-1584 (6)

R26  LAL 271 375 589 873 0581 triplet (Ty) 15911585 (8) 15811578 (5)
LH1-RC 275 374 589 871 0.773 aFrom ref13. ® Numer of solvents tested.

803

RC 280 364 597 8835 1.29 Therefore, the B860 LH2 complex can be regarded as a more
chromatophores 262 375 590 871  1.380 native form of the LH2 complex. .

R26.1 LH2 (B860) 270 375 590 863 0.526 Intermolecular Interaction of Ground-State BChl a in the
LH2 (B850) 268 376 593 848 0.419 Carotenoidless LHCs As Probed by Ground-State Raman
RC 279 364 596 8324 SpectroscopyThe following two different kinds of inter-
chromatophores 258 375 591 861 1.433 molecular interaction of ground-state BGhtan be exam-

ined by Raman spectroscopy: (a) The state of coordination
Figure 4 compares the electronic absorption spectra of theof the central Mg atom. The frequency of the 16-membered
purified LH1 complex (solid line), a crude “LH# RC” ring-breathing mode is higher in the pentacoordinated state
component mentioned in the previous section (dotted-brokenthan in the hexacoordinated sta88{40). (We define this
line), and the chromatophores (broken line), all of which were ring-breathing mode in the groundqState %,”.) Table 3
obtained from the R26 mutant. Table 2 lists the wavelengths lists thev, frequencies in solutions. The mechanism of the
of electronic absorption peaks for the above components andv; frequency’s reflection of the coordination state can be
the RC; the relative intensity of the protein absorption versus explained as follows: The Mg atom always has four nitrogen
the Q absorption is shown in each case. A peak around 800 atoms in the macrocycle as ligands, and it can have, in
nm and a weak profile at 760 nm found in the spectra of addition, one or two axial ligands (which defines the penta-
both the chromatophores and the crude LHRC compo- and hexacoordinated states, respectively). In the pentacoor-
nent indicate that both contain the RC component (vide dinated state, the Mg atom sits out of the macrocycle plane;
supra). More importantly, the JQabsorption of the LH1 in the hexacoordinated state, it is placed within the macro-
complex (873 nm) is very close to that of the chromatophores cycle plane to achieve axial symmetry. In the latter case,
(871 nm), a fact which shows the integrity of the LH1 the Mg atom expands the conjugated macrocycle and
complex. weakens the C—C,, and G—C, bonds (see Figure 1a), and
Figure 5 compares the electronic absorption spectra of theas a result, the, Raman line shifts to the lower frequencies.
B860 LH2 complex (solid line), the B850 LH2 complex (b) The state of the keto- and acetyl-carbonyl groups.
(dotted line), and the chromatophores (broken line), all of Hydrogen bonding and ligation of the keto- and acetyl-
which originate from the R26.1 mutant. Table 2 lists the carbonyl groups can cause polarization of the@ bond,
wavelengths of electronic absorption peaks for these com-and as a result, their stretching Raman lines shift to the lower
ponents and the RC. Although the chromatophores exhibit frequencies (hereafter, these modes will be designatéd “
a pair of peaks around 800 and 760 nm indicating the and "v;", respectively). Thevy (v frequency is around
presence of the RC component, these two peaks are missind.700-1695 (1660) cm! when the keto- (acetyl-) carbonyl
in the spectra of both the B860 and the B850 LH2 complexes. group is free in a nonpolar environment, while it shifts all
Most importantly, the @ absorption of the B860 LH2 the way down to 16481640 (1638-1620) cnt! when it is
complex (863 nm) is very close to that of the chromatophores coordinated. Each frequency lies between the above extreme
(861 nm). On the other hand, thg bsorption of the B850  values when it is hydrogen-bonde8i8( 41, 43.
LH2 complex (848 nm) is shifted to the blue by 13 nm when  Figure 6 compares theyRaman spectra of the (a) LH1,
compared to that of the chromatophores. The Soret and the(b) B860 LH2, (c) B850 LH2 and (d) RC complexes, and
Q« absorptions of the B860 LH2 complex are also closer to (e) BChlain acetone solution (in the pentacoordinated state).
those of the chromatophores than the B850 LH2 complex. This is the first opportunity to examine the Raman spectra
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Ficure 7: Correlation between thg frequency of $BChl a and
thev," frequencies of TBChl a in the penta-@®) and in the hexa-
(m) coordinated states, and correlation betweemithieequency
and ther,™ frequencies of PBChl a cation radical in the penta-
(O) and the hexaL() coordinated states all in solutions. Correlation
between they, and thev,” frequencies for the LH1&) and the
LH2 (¥) complexes and correlation between theand thev,™
frequencies for the LH14), the LH2 ), and the RC ¢)
complexes are also shown; all of the BGhimolecules in the
pigment-protein complexes are in the pentacoordinated state.
(Modified from Figure 6 of refl4.)

keto-carbonyl group, and the difference in therequency
can be ascribed to a difference in hydrogen bonding or in
the state of ligation of the acetyl-carbonyl group.
Generation of Triplet-State and Cation-Radical BChl a
upon Photoexcitation of the Carotenoidless LHCs As Probed
1700 1000 by Transient Raman Spectroscofyie transient species of
Raman shift / cm BChl a generated upon photoexcitation of the carotenoidless
FIGURE 6: The $ Raman spectra of the (a) LH1, (b) B860 LH2, |HCs can be determined by picosecond and nanosecond
e o e oy B somonssepon. o> lansient Raman speciroscopy: As in the siae, the
set of Raman F;pectra were recorded by using the 355 nm, 12 nsfr_equency_ of the_rlng-b_reathlng _Raman line, Wh'Ch appears
and 10 Hz pulses with low power {3 mW, defocused). with the highest intensity when in resonance with the Soret
absorption, can be used as a coordination marker in the triplet
of the purified LH1 complex and a native form (B860) of (T,) and the cation-radical () states as well13, 14, 40,
the LH2 complex, both obtained from the carotenoidless 43). (Hereafter, the ring-breathing modes in the §, and
mutants ofR. sphaeroides(1) The Raman spectral patterns Dq states will be denoted)’, v, andv,*, respectively.) Table
of the LH1 and LH2 complexes are similar to each other. 3 lists thev,, v,*, andv," frequencies in different electronic
Their v, frequencies (16081609 cnt?) indicate that the  and coordination states. In each electronic stage g or
BChlamolecules in both LHCs are in the pentacoordinated T;), the ring-breathing frequencies in the pentacoordinated
state. On the basis of the above criteria, thérequencies  state (in various solutions) are higher than those in the
(1667 and 1671 cnt for LH1 and LH2) suggest that the hexacoordinated state, whereas in each coordination state,
keto-carbonyl groups are hydrogen-bonded. On the otherthe ring-breathing frequencies are in the ordgrrSD, >
hand, thev, frequencies (1639 and 1632 chhsuggest that ~ Ti. The results support the idea that the same mechanism as
they are hydrogen-bonded, or possibly, coordinated to thein the S state is in operation in the;Tand ) states (the
Mg atom of the neighboring BCla molecule. (2) Different hexacoordinated Mg atom expands the 16-membered ring),
spectral patterns are found between the LH1 and LH2 and that the size of the 16-membered ring increases in the
complexes in this carbonyl stretching region: The LH1 order $ < Do < T;. Figure 7 shows the plots of the observed
complex is characterized by a weakRaman line at 1667  values. The penta- and hexacoordinated states can be clearly
cm ! and a sharp, Raman line at 1639 cm, whereas the  distinguished in each of thep, 3o, and T; states 13). [In
B860 LH2 complex is characterized by a weakRaman the S state, they,' frequency was much lower (1574567
line at 1671 cm' and a shoulder, line at 1632 cm*. (The cm 1), and no difference was seen between the penta- and
B850 LH2 complex does not give rise to clear and v, hexacoordinated state$4). The 16-membered ring should
Raman lines, a fact which suggests an inhomogeneousbe large enough to accommodate the Mg atom in the
environment of the keto- and the acetyl-carbonyl groups in macrocycle plane even in the pentacoordinated state.]
this particular preparation probably due to its degradation Figure 8 shows the picosecond transient Raman spectra
upon laser irradiation.) On the basis of the frequency of (a) the LH1, (b) B860 LH2, and (c) RC complexes: (1)
standards described above, the difference inheequency a low-power spectrum, (2) a high-power spectrum, and (3)
can be ascribed to a difference in hydrogen bonding of the the difference spectrum of (2} (1) in a one-color pump-




17476 Biochemistry, Vol. 37, No. 50, 1998

(a) (b)

1530

1589

1 1
1500 1700 1500
Raman shift / cm™

1700 '
Raman shift / cm™1

FiIGURE 8: The picosecond transient Raman spectra of the (a) LH1,
(b) B860 LH2, and (c) RC complexes from the carotenoidless
mutants ofR. sphaeroides(1) a low-power spectrum (23 mW,
defocused), (2) a high-power spectrum{Z® mW, focused), and
(3) the difference spectrum of (2) (1) in a one-color, pump-and-
probe experiment using the 351 nm50 ps, and 1 kHz pulses.
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complexes: (1) a low-power spectrum, (2) a high-power
spectrum, and (3) the difference spectrum of{2§1) in a
one-color pump-and-probe experiment using the 355 nm, 12
ns pulses. In both the LH1 and the LH2 complexes, the
difference spectra exhibit the strongest Raman lines at 1596
cm%; the frequency agrees with the ring-breathing frequen-
cies of pentacoordinated BCalcation radicals in solutions
(see Table 3 and the open triangles in Figure 7). Therefore,
it is concluded that the cation-radical state of BGhls
generated in the LHCs upon nanosecond pulsed photoexci-
tation. In the RC, the pentacoordinated cation-radical state
of BChl a is generated upon this nanosecond pulsed
photoexcitation as in the case of picosecond pulsed photo-
excitation (see Table 3 and another open square in Figure
7).

Table 4 summarizes the electronic and the coordination
states of BChla bound to the LH1, B860 LH2, and RC
complexes: In all of the pigmenfprotein complexes, the
BChl a molecules take the pentacoordinated state in the S
state. In the LH1 and the LH2 complexes, theahd the 3
(cation-radical) states of pentacoordinated B@hivere
generated upon picosecond and nanosecond pulsed photo-
excitation, respectively. In the RC, only the, Btate of
pentacoordinated BCH was generated upon either pico-
second or nanosecond pulsed photoexcitation.

Figure 9d shows the nanosecond transient Raman spectra
of the carotenoid-containing LH2 complex: (1) a low-power
spectrum, (2) a high-power spectrum, and (3) the difference
spectrum of (2)- (1). The Raman lines at 1589 and 1510
cmt definitely indicate the generation of the triplet states
of BChl aand the carotenoid, spheroidene. Most importantly,
the cation-radical BChé is not generated when carotenoid
is present.

Rapid Generation of Triplet States and Fast Decay of

The difference spectra are ascribed to the transient species of BChiSinglet States upon Photoexcitation of the Carotenoidless

a, that is, the triplet (1) state in the LHCs and the cation-radical
(Do) state in the RC.

and-probe experiment using the 351 rAB0 ps pulses. The

and Carotenoid-Containing LHCs As Detected by Subpico-
second to Nanosecond Time-Resdl Absorption Spectros-
copy. ldentification of the T state of BChla in the

difference spectra for the LHCs can be ascribed to a transientcarotenoidless LHCs by subpicosecond time-resolved ab-
species of BChé, because it is the only pigment present. In  sorption spectroscopy was attempted to confirm the above
the difference spectra, the LH1 and LH2 complexes exhibit result of transient Raman spectroscopy; comparison with the

the strongest Raman lines at 1590 and 1589 cmespec-
tively. These frequencies agree with the ring-breathing
frequencies of pentacoordinateg BChl a in solution (see
both Table 3 and the closed triangles in Figure 7). Thus, it
is concluded that theTstate of BChla is generated in the
LHCs upon picosecond pulsed photoexcitation.

case of the carotenoid-containing LH2 complex was also
made: Figure 10 shows the subpicosecond to nanosecond
time-resolved absorption spectra of (a) the carotenoidless
LH1 complex, (b) the carotenoidless B860 LH2 complex,
(c) BChl a in pyridine solution, and (d) the carotenoid-
containing LH2 complex; the 388 nm, 200 fs pulses were

In the RC complex, the difference spectrum exhibits a used for excitation at the low-energy side of the Soret
1598 cnm! Raman line whose frequency agrees with that of absorption of BChh. Figure 11 shows the time profiles at
a pentacoordinated BChl cation radical (see Table 3 and different wavelengths for (a) the carotenoidless and (b) the
the open squares in Figure 7). This result indicates that thecarotenoid-containing LH2 complexes (a logarithmic abscissa
cation radical of BChh is generated in the RC upon 50 ps scale is used). Since the carotenoidless LH1 and LH2
pulsed photoexcitation. The possibilities of dhd S BPhe complexes give rise to similar sets of time-resolved absorp-
are definitely excluded because their ring-breathing frequen-tion spectra and since the S/N ratio is higher in the latter,
cies in solutions are 15891586 and 15871582 cm?, we will confine ourselves to describing the results for the
respectively 14). Most probably, the cation radical is LH2 complex; however, the same conclusions can be drawn
generated in the special pair BChls (rather than the accessoryor the LH1 complex.
BChls) since the charge separation in the special pair is The set of time-resolved spectra of the carotenoidless LH2
reported to take place within 4 ps and to stay during the complex (Figure 10a) shows that most of the transient species
pulse duration44—46). decay within the first 10 ps. A broad profile extending over

Figure 9a-c shows the nanosecond transient Raman the 406-800 nm region appears at 0.0 ps; dips at 448 and
spectra of the (a) LH1, (b) B860 LH2, and (c) RC 587 nm can be ascribed to a Raman line of water and the
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Ficure 9: The nanosecond transient Raman spectra of the (a) LH1, (b) B860 LH2, and (c) RC complexBs §mmaeroide® 26 and

R 26.1 and (d) the LH2 complex froR. sphaeroideg.4.1: (1) a low-power spectrum+{3 mW, defocused), (2) a high-power spectrum
(25—30 mW, focused) and (3) the difference spectrum of{2)1) in a one-color experiment using the 355 nm, 12 ns, and 10 Hz pulses.
All of the difference spectra (ac) are ascribed to the cation-radicalpfBtate of BChla, whereas the difference spectrum (d) is ascribed
to the triplet states of BCH and the carotenoid (spheroidene).

Table 4: Classification of the Ground)STriplet (T1), and Cation-Radical (§) States, and of the Penta- (V) and the Hexa-Coordinated (VI)
States in Terms of the Ring-Breathing Frequeéncy

sample S(cm) coordination state aem™?) coordination state Plcm™) coordination state
LH1 1609 \% 1590 \% 1596 \%
LH2 (B860) 1608 \Y, 1589 \Y 1596 \Y,
RC (R26) 1610 Y, 1598, 1599 \Y;

aSee Table 3 for the notation of the electronic and the coordination states.

bleaching of the Qabsorption, respectively. The plateau intensity of which is comparable to that of the 420 nm peak,
around 640 nm decays faster than the 410 nm peak, and thean be regarded as a key absorption in identifying the S
spectral profile converges to one such as a blow-up at 50state of BChla.

ps, which is very similar to the absorption spectrum of T In comparison with the time-resolved spectra of the

BChl a reported previously15—17); see also Figure 12a  pyridine solution described above, those of the carotenoidless

(vide infra). LH2 (LH1) complex exhibit the following two unique
The set of time-resolved spectra of BGChlin pyridine properties (Figures 10a and 11a): (1) most of the transient

solution (Figure 10c) shows that a similar spectral pattern species decay within a very short period of time after
persists from the beginning until 1 ns. This spectral pattern excitation <10 ps), and (2) the time profile changes
can be ascribed in general to a mixture of thestate and depending on the wavelength, suggesting rapid transforma-
the T, state of BChla, the latter of which is supposed to be tion between two different transient species, that is, the S
generated by intersystem crossing. The(@,) lifetime in and T, states. The time profile of this complex shows clearly
the range 2.33.6 ns and the quantum yield of intersystem that the 640 nm component decays much faster than the 410
crossing in the range 0-0.9 @7) lead us to the time nm component as mentioned above. On the basis of the
constant of intersystem crossing in the range-&4. ns. assumptions that the 410 nm peak has contributions from
On the other hand, the lifetime of the &ate is in the range  both the $and T, states of BChl and that the 640 nm plateau
0.1-0.4 ps 48). Therefore, the transient absorption spectra specifically originates from the State, their time profiles

in the 16-100 ps time range can be definitely assigned to can be explained in terms of rapid generation of thetate

the § — S; absorption, although no authentig S S; which is accompanied by fast decay of thestate.
absorption spectrum of BClalhas been determined except The spectral changes can be classified as follows (Figure
for the 650-950 nm region 19). Further, a comparison of  11a): in the initial 0.3 ps (we call this Phase [), both the
this spectrum with the above, ¥ T, absorption spectrum 410 and 640 nm components (representing-J; and pure
leads us to a conclusion that the plateau around 640 nm, theS, states, respectively) increase; in the next-@3 ps (Phase
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Ficure 10: Subpicosecond to nanosecond time-resolved absorption spectra of the (a) LH1 and (b) B860 LH2 compléxespinarroides
R26 and R26.1, respectively, (c) BChin pyridine solution, and (d) the LH2 complex froRl sphaeroide®.4.1; 388 nm, 200 fs, and 1
kHz pulses were used for excitation.

F), the 640 nm component {Sdecreases, whereas the 410 clearly observed in both the Car and BChl peaks (Figure
nm component (T+ S,;) increases further; in the next 6-7 11b): The 560 nm (S Car) and 640 nm (S BChl)

20 ps (Phase A), both the 410 and 640 nm components (S components decay faster than the 530 nm@ar) and 410

+ T1 and Q) decrease parallel; and after 20 ps (Phase T), nm (T, + S; BChl) components. Thus, the time profiles for
the 640 nm component decays to almost 0, whereas the 41ahe carotenoid-containing LH2 complex can be explained in
nm component (mainly 1J remains and then decays much terms of rapid generation of the, Ftates of both Car and
more slowly. In the Discussion, we will correlate Phase F BChl which is accompanied by fast decay of theirsgtes.

to the generation of the; Btate through singlet homofission The detailed spectral changes can be classified as fol-

and Phase A to the quenching of thesgte through singlet lows: In the initial 0.4 ps (Phase 1), all four components
singlet annihilation. Phase T will be correlated to the long- increase together; in the next 6.2 ps (Phase F), the 560
lived T, state which predominates at the later stage. nm (S Car) and the 640 nm (BChl) components start to

In the carotenoid-containing LH2 complex also, a majority decrease, whereas the 530 nm componentC@r) and the
of the transient species decays within the first 10 ps (Figure 410 nm component T+ S; BChl) continue to increase or
10d); the remaining component in the 500 nm region can be stay constant; in the next-20 ps (Phase A), all of the
definitely ascribed to the iTstate of carotenoid (in the components decrease; and in the later period of time (Phase
subsections of time-resolved absorption spectroscopy, we will T), all of the 560 nm ($Car), 640 nm ($BChl), and 410
denote the relevant carotenoid and B@lals Car and BChl,  nm (T, + S; BChl) components decay close to 0, whereas
for simplicity). Surprisingly, the particular 530 nm peak to the 530 nm component (TCar) stays longer. In the
be assigned to the;Tstate of Car (see also Figure 12e) is Discussion, we will correlate Phase F to singlet heterofission
clearly seen even at 0.0 ps together with the 410 nm peakof S; Car and singlet homofission of, BChl, Phase A to
due to the §+ T, states of BChl. On the other hand, a singlet-singlet annihilation of SBChl, and Phase T to the
shoulder around 560 nm and the 640 profile to be assignedquenching of T BChl by Car to generate;TCar.
to the S states of Car and BChl, respectively, are also seen. Thus, a major contribution of the,; Btate of BChla in
Here again, the wavelength dependence of time profile is the carotenoidless LH2 complex for the first 50 ps after
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Ficure 11: (a) Time profiles with a logarithmic abscissa scale for the LH2 complex fRorsphaeroide® 26.1 probed at 410 nn©j,

640 nm @), and 870 nm{), and (b) those for the LH2 complex froR. sphaeroide®.4.1 probed at 410 nnDj), 640 nm @), 530 hm

(2), 560 nm @), 450 nm €), and 850 nm{). Factors 0.19 and 0.6 were multiplied for the 870 ) énd 850 nm{) bleaching peaks.
Different phases, |, F, A, and T are defined (see text). Time profiles with a logarithmic ordinate scale for (c) the LH2 compIBx from
sphaeroideRR 26.1 and (d) the LH2 complex frol. sphaeroide®.4.1 are also shown with fitting curves of the typea/dil = —kx2.

photoexcitation has been proved by time-resolved absorptionprovided us with definitive evidence for the generation of
spectroscopy. Rapid generation of thestates of Car and  the BChla cation radical and information concerning the
BChl ais shown in the carotenoid-containing LH2 complex. extent of delocalization of the unpaired electron: Figure 13a
Generation of Triplet-State and Cation-Radical BChl a compares normalized EPR signals generated photolytically
upon Photoexcitation of the Carotenoidless LHCs As De- in the LH1 (closed squares), B860 LH2 (closed triangles),
tected by Microsecond Transient Absorption Spectroscopy.and RC (open squares) complexes and B&l carbon
The transformation from the triplet to the cation-radical state tetrachloride solution (crosses). Table 5 lists tlpialues,
of BChl in the LH1 and LH2 complexes was shown by peak-to-peak first-derivative line widthaH,), line shapes,
microsecond time-resolved absorption spectroscopy; hereand lifetimes; the measurements were performed at 110 K.
again, comparison with the case of the carotenoid-containing All of the g values for the pigmentprotein complexes and
LH2 complex was made. Figure 12; parts a and b, show anthe CC}, solution are identical, and they agree with the
authentic pair of absorption spectra of and 0y (cation- value of the BChla cation radical obtained by chemical
radical) BChl which were generated by photoexcitation of oxjdation (vide infra). Further, thegpvalues also agree with
free BChl in pyridine and carbon tetrachloride solutioh®)(  previously reported values of BChlcation radical (2.0025
(the bleaching of the &state absorption is compensated to 2.0026), and all of they values are smaller than those of
facilitate spectral comparison in the 400 nm region). Figure gchl a anion radical (2.00282.0035) @9). Therefore, the
12; parts ¢ and d, show the transient absorption ;pectra Oflight-induced EPR signals in the pigmergirotein complexes
the carotenoidless LH1 and LH2 complexes which were .o, he ascribed to the generation of the B&tation radical,
recorded 5Qis after eXC|t_at_|0n. The _strong peaks around 400 although the presence of the BGhanion radical cannot be
and 425 nm can be definitely ascribed to theand the 3 excluded completely because of its simitavalue. In the

states of BChI, respectively. (A pair of dips around 540 N 5q6 of the RC, the electron ejected from the special-pair
are ascribable to an artifact which is caused by the fluctuation g~ 4 is transferred to quinone, and no BGHnion radical

of the probing Xe flash, the extent of which is comparable is expected to be formed. In the LHCs, the ejected electron
fltthhat O; :Ee Sm?” atf)flz)rbaknce chankges dug é%éhe S?mp'f-$s likely to be transferred to the assembly of the B@hl
ough the origin of the sharp peak aroun nm Is no dnolecules and possibly to an amino acid side chain of the

clear at the present stage, the strong pair of peaks in the 40 hpo-peptide

nm region definitely indicates that both of the cation-radical _ B )

and the triplet states of BChl are present. In the carotenoid- The line widths of the signals from both LHC complexes

containing LH2 complex (Figure 12¢), the State of Car are identical (Table 5); they are slightly smaller than that of

was seen as the major component, and it decayed within 50the RC complex and much smaller than that of the .CCI

us; the contribution of TBChl is not clear in this spectrum. solution. In general, the EPR line width of a radical can be
Generation of Cation-Radical BChl a upon Photoexcita- €xplained in terms of its hyperfine interactions. If the

tion of the Carotenoidless LHCs As Rexd by EPR unpaired electron is shared Bymolecules, the line width

Spectroscopyl'he EPR signals obtained after photoexcitation can be approximately given asHy = (1/«/N)AHM, where

of the carotenoidless LHC with a 532 nm, 5 ns pulse AHy is the line width for a monomer. If one assumes that
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Ficure 13: (a) Normalized EPR signals from the BGhkation
radical generated by photoexcitation using the 532 nm, 5 ns, and 1
4(')0' L '5(',0‘ L 'th)o' L Hz pulses of the LH1 comple), the B860 LH2 complex&),

the 355 nm, 12 ns, 1 Hz pulses of monomeric B&lith pyridine
solution and of BChh aggregates in carbon tetrachloride solution,

Wavelength / nm

the RC complex®), and BChla in carbon tetrachloride solution
(x). Each point indicates an averaged value (at a given magnetic
Ficure 12: Transient absorption spectra of (a) the triplet-state and field) of the peak intensity of a transient signal which was induced
(b) the cation-radical BChh generated by photoexcitation using by pulsed laser photolysis. (b) EPR signals from the B&Ctdtion
radical generated by chemical oxidation of the LH1 complex
recorded at 110 K (solid line) and at 296 K (broken line).

respectively (both 3« 1074 M); 200 ns after excitation. Transient

absorption spectra of the carotenoidless (c) LH1 and (d) LH2
complexes fromR. sphaeroideR 26 and R 26.1 (5Qus after
excitation) as well as that of (e) the carotenoid-containing LH2
complex fromR. sphaeroide2.4.1 (5us after excitation) are also

Table 5: Theg Value, the Linewidth, and the Lifetime of the EPR
Signals from BChl Cation Radical in the LH1, the B860 LH2, and
the RC Complexes and in Carbon Tetrachloride Solution

shown.
samples gvalue

AHp2 line lifetime temperature

(gauss) shape (ms)

(K)

the line width of the CCJ solution originates from a I[:% (©860) 2'2-%%22%:& 8-8882 3-3;: 8-% g 2277ig ﬁg
monomeric BChh cation radlcal_, then the apparent number - (R26)  2.0026:0.0002 10.3-0.2 G 25+ 3 110
of molecules sharing the unpaired electron turns out to be gchia 2.0026+ 0.0002 12.3-05 G 541 110

(12.3/9.3§ = 1.75 in the LHCs and (12.3/10%3F 1.42 in in CCly
the RC. This assumption is obviously not correct, because 2AH,,indicates peak-to-peak first-derivative linewid¥G indicates
BChl a is known to form an aggregate in CChowever, the Gaussian line shape.
the BChla cation radical can never be formed in solvents
forming a monomerX7). Actually, the EPR signal for the  complexes and in the Cglsolution must be quenched
RC has been assigned to the special pair B&tdnd the  through charge recombination. The lifetime of the cation
line width of 10.3 G was explained in terms of asymmetric radical (Table 5) is in the following order: in C&$olution
distribution of spin density over the L and M subunif( < in the RC< in the LHCs. The longer lifetime in the LHCs
51). On the basis of these results, it can be concluded thatmay reflect larger separation of the pair of cation and anion
the unpaired electrons in the LH1 and LH2 complexes are radicals.
also shared by at least two nearby B@fmolecules probably To evaluate the amount of BChlcation radical generated
belonging to the neighboring repeating subunits. This numberin the LHCs upon pulsed laser photoexcitation at 532 nm,
depends also on the model used in the calculation, that is,we have determined the intensity of the EPR signal in each
either the continuum model or the discrete hopping model of the LHCs relative to that in the RC (we did not try to
(52), and therefore, a more detailed analysis is necessary todetermine the absolute amounts of the cation radical because
determine precisely the extent of delocalization of the the 532 nm excitation may not be so efficient): For the
unpaired electron. normalized value of 1.0 for the RC at 110 K, the intensities
The transient BChh cation radical which is generated by for the LH1 and the LH2 complexes were determined to be
pulsed laser excitation of BCH in the pigment-protein 0.1 and 0.08, respectively. If one assumes that the numbers
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of BChl a molecules in the RC, LH1, and LH2 complexes B-30 (a-31 histidine) is 3.50 (3.82) A, whereas the distance
of the present bacterium are 4, 32, and 18, respectively (seebetween the acetyl-carbonyl oxygen of one (the other) B850
the Introduction), then the ratio of BClal contents in the BChl a and the indole nitrogen of the-45 tryptophan (the
pigment-protein complexes turns out to be RC/LH1/LH2 phenol oxygen of the-44 tyrosine) is 2.95 (2.61) A. IRs.

= 1:8:4.5. In the EPR measurement, the Qalue of each molischianumthe distance between the keto-carbonyl oxy-
suspension was equally adjusted to be 100'cihone takes gen of one (the other) B850 BChl and the-35 (0-34)

into account the molar extinction coefficient for the RC, LH1, histidine is 3.65 (3.58) A, whereas the distance between the
and LH2, that is, 12853), 127, and 95 mM!' cm™* (32), acetyl-carbonyl oxygen of one (the other) B850 B@lnd
then the ratio of the BChh concentrations turns out to be the indole nitrogen of the-45 (5-44) tryptophane is 2.73
RC/LH1/LH2 = 1:1:1.35. Then, the numbers of BCal (2.64) A. These distances suggest very strong hydrogen
molecules subjected to the photoexcitation become RC/LH1/bonding of the acetyl-carbonyl group and weaker hydrogen
LH2 = 1:8:6.1. Thus, the amounts of cation radical generated bonding of the keto-carbonyl group, instead. (The possibility
per pigment-protein complexcan be determined to be RC/  of direct ligation of the keto- or the acetyl-carbonyl to the
LH1/LH2 = 1:(0.1)(8):(0.08)(6.1). In other words, the magnesium atom of BChl is excluded on the basis of the
generation of the BCH cation radical in the LH1 and LH2  X-ray structures.) The above considerations lead us to the
complexes can be estimated to be approximately 80% andconclusion that the difference in the spectral pattern in the
50% of that in the RC. The EPR results indicate that the C=O0 stretching region between the LH1 and LH2 complexes
BChl a cation radical can be formed fairly efficiently in the (both for the carotenoidless and carotenoid-containing com-

carotenoidless LHCs. plexes) reflects difference in the strength of hydrogen

bondings of the keto- and acetyl-carbonyl groups probably

DISCUSSION due to the difference in the assembly of the B870 and B850
Different BChl a-Peptide Intermolecular Interaction in ~ BChl a molecules.

the LH1 and LH2 Complexe#An attempt was made to Possible Mechanisms for the Rapid Generation of the

classify the LH1 and LH2 complexes of various purple Triplet State and the Fast Decay of the Singlet State of BChl
photosynthetic bacteria in terms of the frequencies of the a upon Photoexcitation of the Carotenoidless LH2 Complex.
keto- and the acetyl-carbonyl stretching Raman lire$. ( X-ray crystallography of the carotenoid-containing LH2
In this study, the authors used the chromatophores from thecomplexes fronRps. acidophileandRs. molischianunhas
wild type and the R26 mutant oR. sphaeroidesfor provided the following information concerning close contacts
comparison; in the present investigation, their characteriza-among the B850 BChl and Car molecules. (1) Carbon
tion of the Raman spectral patterns is confirmed by the use carbon contacts between the neighboring B850 BChl mol-
of the isolated LH1 and LH2 complexes from both of the ecules: concerning the contact within the repeating subunits,
carotenoidless mutants. In a comparative characterization ofthe distance between C1&nd C13 is 3.47 A in Rps.
the R26 and R26.1 mutant2), the chromatophores of the  acidophila (PDB 1KZU) and 3.43 A inRs. molischianum
R26 and R26.1 mutants were used together with the isolated(PDB 1LGH); and concerning contact between the neighbor-
B880 LH1 and B850 and B8GAB50 LH2 complexes of the  ing repeating subunit, the distance between C1 and C2 is
wild type then available. The B870 LH1 and the B860 LH2 3.84 A in Rps. acidophiladPDB 1KZU) and 3.54 A inRs.
complexes isolated in the present investigation from the R26 molischianum(PDB 1LGH). (2) Carbor-carbon contacts
and R26.1 mutants exhibited two clearly distinguishable between the Car and B850 BChl molecules: the distance
Raman spectral patterns (Figure 6a,b) which parallel thosebetween C-4 of Car (rhodopin glucoside) and C-20 of B850
of the B880 LH1 and the B850 LH2 complexes of the wild BChl is 3.64 A inRps. acidophilal0050 (PDB 1KzU); and
type (Figures 2-1 and 2-3 of r&D). Thus, the classification  the distance between C-4 of Car (lycopene) and C-20 of
of the LH1 and LH2 complexes in terms of the keto- and B850 BChl is 3.60 A inRs. molischianuntPDB 1LGH).
acetyl-carbonyl stretching/{ and v;) Raman lines is now To interpret various phases of spectral changes observed
established for both the wild type and the carotenoidless in the subpicosecond to nanosecond time-resolved absorption
mutants. The result strongly supports the idea that the spectroscopy of the carotenoidless LH2 complexes (see the
assembly of the B850 BChl molecules is basically the same Results), we will tentatively propose possible mechanisms
in each LHC irrespective of the presence or absence of theon the basis of the assumption that the assembly of the BChl
carotenoid. molecules in the carotenoidless LH2 complexrofsphaeroi-
Recently, the environment of the keto- and the acetyl- desshould be basically the same as that in the carotenoid-
carbonyl groups of BCha in the LHCs was examined in  containing LH2 complexes: When the BChl molecule was
more detail by means of amino acid replacement: In the excited at the low-energy side of the Soret absorption, Phase
case of wild-typeR. sphaeroidesthe keto-carbonyl group ~ F where the 640 nm component of BChl decreases and
of B850 BChla was shown to be strongly hydrogen-bonded the 410 nm component representing¥ S;) BChl increases
and the acetyl group is also hydrogen-bonded in the LH2 was observed (Figure 11a). This phase can be explained in
complex B5), whereas both the keto- and the acetyl-carbonyl terms of internal conversion to the &tate, which is followed
groups of B880 BChl were shown to be hydrogen-bonded by singlet homofission with ground-state)f8Chl
in the LH1 complex $6). The X-ray structures of the LH2

complexes fromRps. acidophila(PDB 1KZU) and Rs 'BChI*(Soret)— 'BChI*(Q,) (1)
molischianum(PDB 1LGH) provide valuable pieces of L L 5
information concerning hydrogen bondings: Rps. acido- BChI*(Q,) + "BChI(§) — 2 x "BChI*(T,)  (2)

phila, the distance between the keto-carbonyl oxygen of one
(the other) B850 BChh and the imidazole nitrogen of the Here, the T state can be generated at the expense of the S
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state (note that the total number of excited-state BChl is and all of the other reactions listed in this section are first-
doubled) in this fission reaction, which is based on electron order reactions for each component. When a logarithmic
exchange between a pair of BChl molecules. The following ordinate scale is taken in the time profile, the first-order
conditions are the bases for the proposition of this mecha-reaction should give rise to a straight line, whereas the
nism: (a) Since the Qabsorption and the Raman spectral second-order reaction should exhibit a concave curve.
pattern of this complex suggest that the macrocycles of the Therefore, the singletsinglet annihilation reaction can be
B850 BChl molecules are stacked together to form a circular identified by the analysis of such a time profile. Figure 11c
aggregate to facilitate close contacts among them, just as inshows that the time profile of the 640 nm component
the case of the carotenoid-containing LH2 complexes (seerepresenting S BChl as well as that of the 410 nm
above for those close contacts between a pair of B850 BChlcomponent representing G+ T1) BChl (note that the amount
molecules in the carotenoid-containing LH2 complexes of of T, BChl changes little in this picosecond time scale) can
Rps. acidophilaandRs. molischianuithe spatial condition  be fit not by a straight line but by a curve expressing the
for this reaction must be satisfied. (b) The @nergy of relation, d/dt = —kx?, wherex is the amount of SBChl.
16900 cntis slightly higher than twice the Tenergy, that This fact provides a strong support that the singkhglet

is, 8200x 2 = 16 400 cm* (57), a fact which satisfies the  annihilation reaction predominates in this time scale.
energetic condition of the reaction. (c) A large excess energy In Phase T, the 640 nm component ofEBChl decays to
which was deposited on the low-energy side of the Soret practically 0, and the 410 nm component afBChl alone

absorption (25 800 cm) with the time duration of 0.2 ps

may provide enough time for this reaction to take place in

the time range of this phase F, 6.8.7 ps. Even when the
Qx absorption was excited directly, its lifetime for the internal
conversion to the Qstate was reported to be 6:0.4 ps

decays slowly.

Possible Mechanisms for the Rapid Generation of the
Triplet States and the Fast Decay of the Singlet States of
BChl a and Spheroidene upon Photoexcitation of the
Carotenoid-Containing LH2 ComplexVhen BChl was

(48). (One of the reviewers questioned this singlet homofis- excited at the low-energy side of the Soret absorption, Phase
sion mechanism, because the transient absorption spectrunh where the 410 nm component of BChl and the 560 nm
at —0.5 ps in Figure 10a shows an indication gfBChl a component of $ Car increase in parallel was observed
just like the spectrum at 20 ps, for example. We tried to (Figure 11b). This phase can be explained in terms of BChl-
reduce the repetition rate from 1 kHz to 100 Hz, but the to-Car singlet-energy transfer,
S/N ratio of the resultant time-resolved spectra was too low
to evaluate the accumulated triplet species. The final conclu-'BChl*(Soret)+ 'Car(S) —
sion should wait for further investigation.) 1 1 +

Phase A where both the 640 nm component pBShl BChI(S) + "Car*(B,") (5)
and the 410 nm component of & T,) BChl decay parallel
to each other can be explained in terms of singg#nglet
annihilation

which is based on instantaneous interaction between the
transition dipoles of the BChl and Car molecules. The
following energetic and spatial conditions should facilitate
this efficient singlet-energy transfer: (a) The energy of the
emissive Soret> S transition of BChl (excitation at 25 800
cm™1) and the energy of the absorptivg'B— S transition

of Car (19 600 cm! for v = 0) overlap with each other. (b)
The S state of BChl can be quenched very efficiently in The BChl and Car molecules are located side-by-side (see
this annihilation reaction, which is based on interaction @bove for the contact between these molecules). (c) The
between the transition dipoles of the neighboring B850 BChl fransition moment of the lower component of the Soret
molecules. The following conditions are expected to facilitate transition is along thec axis of the BChl macrocyclesg),

this annihilation reaction: (a) The,Qransition dipoles of ~ and the B" transition moment is along the long axis of the
the B850 BChl molecules must be parallel to each other asCar conjugated system. Therefore, these transition moments
in the case of the carotenoid-containing LH2 complexes of aré expected to be parallel in the present carotenoid-
Rps. acidophilandRs. molischianurl—5). (b) The strong containing LHZ, justasin the case of thoserpfs. acidophila
negative peak around 870 nm which is ascribable to the S @ndRs. molischianunf1—5).

— S (Q — S) absorption (and possibly to the S-S Phase F, where the 560 nm component p€&r and the
stimulated emission) as well as the weak positive peak around®40 nm component of ;SBChl decrease, whereas the 530
820 nm which has been assigned to thg 2€Q, absorption "M component of 7Car and the 410 nm component of T

(58) indicate highly populated ;SBChl at an initial stage.  (+ S1) BChl component increase or stay at a constant level,
(c) The latter optically active S— S, transition must  ¢an be explained in terms of singlet heterofission after the

facilitate the first reaction in eq 3. internal conversion of Car to the gAstate

Equation 3 shows that the singtetinglet annihilation
reaction must exhibit a unique property of a bimolecular,
second-order reaction. On the other hand, the singlgtet
annihilation reaction

'BChI*(Q,) + 'BChI*(Q,) — 'BChI(S,) +
'BChI*(2Q,) — 'BChI(S) + 'BChI*(Q,) (3)

'Car(B,") — "Car*(2A,) (6)
'Car+(2A,) + 'BChI(S) —

car(T,) + °BChIX(T,) (7)
'BChIX(Q,) + *BChI*(T,) — 'BChI(S) +

3BChI*(Tn) . lBChI(Sb) + 3BChI*(Tl) &) (A singlet homofission reaction through the ZAstate of

Car, to generate two;ICar, can be proposed if the two Car
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molecules are in contact in the LH2 complex, because the intersystem crossing fromy 8Chl and subsequent generation
2Aq4 electronic structure has a nature of douBi,* of T, Car through BChl-to-Car triplet-energy transfer were
electronic excitationg0). However, the present X-ray results first detected by transient absorption spectroscopy of the
completely exclude the possibility of close contact between carotenoidless and the carotenoid-containing chromatophore
a pair of carotenoid molecules.) The States of both Car  membranes of the present organi$ig,(63. Both T, BChl

and BChl can be generated at the expense, @& in this and T, Car were detected after excitation with 694 nm;-15
heterofission reaction, which is based on electron exchange20 ns pulses, and the time for the triplet-energy transfer was
between the Car and BChl molecules. The conditions for determined to be-20 ns. The quenching ofi 8Chl by these

this heterofission reaction are considered to be satisfied agtriplet species through singtetriplet annihilation was also
follows: (a) Spatially, the Car and BChl molecules are in identified in the microsecond time scale. (2) Then, a
contact with each other in the carotenoid-containing LH2 completely different type of triplet generation which is
complexes oRps. acidophilaand Rs. molischianungvide relevant to the present observation was found: When the
supra). (b) Energetically, the = 1 level of the 24~ state Bt state of Car (spirilloxanthin) in the chromatophores of
of Car (14 200+ 1500= 15 700 cn?) is slightly higher Rs. rubrumwas excited with 532 nm, 35 ps pulses, the
than a sum of the Tenergies of Car and BChl (7100 generation of T Car was observed within 100 p&4). This
8200= 15 300 cm?). (c) Temporally, the 24 lifetime of fast generation of TCar was ascribed to singlet homo- or
2.0 ps (our observation) and time for vibrational relaxation hetero-fission of $Car. The magnetic field dependence in
in the 2A,~ state of lycopene, Qs 61), seem to provide  fluorescence 5 and transient absorption6§) for the
more than enough time for this fission reaction to take place carotenoidless and carotenoid-containing chromatophores and
(time range of Phase F, 02 ps). When the B state of cells provided a strong support for this fission mechanism;
Car was excited in another experiment, the-SS; (2B,* the homofission mechanism was proposed¥osphaeroides

— 2Ag4") absorption was observed at 0.0 ps, and then, thewhereas the hetero-fission mechanism was proposeR<or
T, T, absorption appeared at 0.2 ps after excitation. This rubrum (3) Photon-density-dependent decrease in fluores-
set of observations seems to support the above singletcence lifetime and in fluorescence quantum yield was
heterofission reaction through the 2A(S,) state of Car. observed when the carotenoidless and the carotenoid-
When the Q or Q, state of BChl was excited, no generation containing chromatophore membranes of the present organ-
of T, Car was observed. ism were excited with 530 nm, 20 ps pulseés7)( This

Generation of TBChl in Phase F can also be explained observation was ascribed to singtsinglet annihilation (see
by singlet homofission between the neighboring B850 BChl also a review by van Grondelle, ré8). Later, the decrease
molecules as in the case of the carotenoidless antennan fluorescence quantum yield as a function of the photon
complex (eq 2). density was used to estimate the number of interacting BChl

Phase A where the 410 component @{-$ T;) BChl and molecules in the LH2 complexes dRs. rubrum and
the 640 nm component ofi 8Chl decrease in parallel can Rhodobacter capsulaty§9). The above picosecond absorp-
be explained, again, in terms of the singisinglet annihila- tion spectroscopy of th&s. rubrumchromatophores6é)
tion reaction between the B850 BChl molecules (eq 3). The also detected the shortening of the lifetime @B&hl from
time profiles with a logarithmic ordinate scale for this LH2 ~350 ps to less than 10 ps when the photon density was
complex (Figure 11d) show that the decay of both the 640 increased. Most recently, this singtetinglet annihilation
nm and the 410 nm components can be fit as a second-ordeprocess was used, together with time-resolved fluorescence
reaction, a fact which indicates that this phase representsanisotropy measurement, in modeling the interactions of the
the singlet-singlet annihilation reaction between the two S BChl molecules in the LH1 complex of the present organism
BChl molecules. (70).

Phase T, where the 410 nm component af BChi The present results and interpretation are consistent with
disappears, whereas the 530 nm component, @ar stays those of the previous investigations. The uniqueness of the
longer, can be explained in terms of BChl-to-Car triplet- present investigation is the usage of the wavelength-
energy transfer, dependent time profiles in the identification of those fission

and annihilation reactions in the carotenoidless and caro-
3BChI*(Tl) + lCar(%) — lBChI(SJ) + 3Car*(Tl) (8) tenoid-containing LHCs oR. sphaeroides
Detection of & BChl as the major component in the
in which T; BChl is replaced by T Car. Here again, the  carotenoidless LHCs by transient Raman spectroscopy using
close contact between the Car and BChl molecules mentionedb0 ps pulses is consistent with the results of subpicosecond
above must facilitate this efficient triplet-energy transfer to picosecond time-resolved absorption spectroscopy using

reaction through electron exchange. 0.2 ps pulses. The time-resolved absorption spectroscopy
Thus, the wavelength-dependent time profiles have beenshowed that SBChl decays almost completely within the
explained in terms of transitions among thg S;, and T, first 10 ps, and that 7BChl becomes the major component

states of BChl and Car through the (1) singlet homo- and in the rest of the 40 ps when excited with a 0.2 ps pulse.
hetero-fission, (2) singletsinglet annihilation, and (3) singlet However, quantitative comparison of the results obtained by
and triplet energy-transfer reactions based on the uniquethe two spectroscopic methods is extremely difficult, even
assembly of the pigment molecules in the LHCs. though the applied photon densitiesflighotonpulse™-cm2)

The present observation of the singlet homo- and hetero-and the ratios of the number of photons versus the number
fission as well as of the singlesinglet annihilation reactions  of molecules irradiated~1) are approximately the same.
can be compared (contrasted) to the results of previousin particular, the relative Raman intensity of theghd T,
investigations as follows: (1) Generation of BChl through states strongly depends on the resonance conditions, a
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comparison of which is now impossible because the molec- supra), leads us to the apparent number of BOhblecules
ular extinction coefficient of the S— S; absorption in the (N) sharing the unpaired electron in the range 12.
Soret region has not been determined. Recently, the temperature dependence of the EPR line width

Generation of BChl a Cation Radical by Photoexcitation Was found for the LH1 complex of wild-tygR. sphaeroides
of BChl a Aggregates in Solution: Comparison with Pho- where the line width was broadened from 4.1 G at room
toexcitation of the Carotenoidless LHO&hen BChla in temperature to 10.0 G at 4.0 R§). The results have been
THF solution was excited and probed by the 355 nm, 12 ns €xplained in terms of the electron hopping mechaniSg) (
pulses, the T state was generate@Q). The T, state was instead of the above continuous mechanism.
always detected for monomeric BChlin solution by both For comparison, we conducted a similar experiment using
transient Raman4Q) and transient absorptiorl?) spec- the newly prepared LH1 complex from the carotenoidless
troscopies using nanosecond pulses. However, when BChimutant ofR. sphaeroidef®26: Figure 13b shows the EPR
awas dissolved in methylene chloride (forming a pentaco- signals obtained by the chemical oxidation of this LH1
ordinated lower aggregate), transformation from thetéte complex using potassium cyanide at 110 K (solid line) and
into the Oy (cation-radical) state was detected by time- 296 K (broken line). The value was 2.0026- 0.0002. The
resolved absorption spectroscopy in the submicrosecond tdine width of 10.44+ 0.1 G at 110 K decreased down to 4.7
100 microsecond time scale. Further, when B@hias 4+ 0.3 G at room temperature. The results parallel those of
dissolved in carbon tetrachloride (forming a pentacoordinated the above wild-type LH1 complex reported previously.
higher aggregate), the cation-radical state was generated [n the present carotenoidless LH1 complex, the temper-
within 200 ns (7). ature dependence of cation-radical formation by photo-

It is not surprising that the cation-radical state can be Oxidation can be contrasted to that by chemical oxidation as
generated in the carotenoidless LHCs, when the B850 BChifollows: In chemical oxidation, the intensity of the signal
molecules which are stacked together to form a circular was reduced into 17% and the line width was decreased from
aggregate are excited to the triplet state, because electrorl0.4 to 4.7 G on going from 110 K to room temperature. In
transfer from one BChl molecule to another (most probably photo-oxidation, no EPR signal was detected at room
between the neighboring repeating subunits) can be naturallytemperature, but it became detectable at 250 K. The signal
expected. Therefore, the light-induced cation-radical forma- intensity was reduced into 4% on going from 110 to 250 K,
tion in the carotenoidless LHCs can be regarded as reflectionbut no changes were observed either in line width or in
of the unique assembly of the B850 BChl molecules just as lifetime.
the generation of the triplet state through the singlet- The above difference can be explained in terms of different
homofission reaction. In the presence of Car, the triplet-state mechanisms of BCH cation-radical formation: In chemical
BChlais quenched, and therefore, the light-induced cation- oxidation, the cation radical is formed asttionary-state
radical formation is prevented. species, because the ejected electron is trapped strongly by

In the present case of the carotenoidless LHCs, the cation-the oxidant, ferricyanide. The unpaired electron is shared
radical state was detected as the major component byPy @ BChlpair &4 K and by 7-12 BChl molecules at room
transient Raman spectroscopy using the 355 nm, 10 Hz, 12temperature. Therefore, the temperature dependence is mainly
ns pu|sesl whereas both the cation-radical and the trip'etrelated to the extent of delocalization of the Unpaired electron
states were detected by microsecond time-resolved absorptior®f the stationary-state cation radical. In photo-oxidation, on
spectroscopy using the same pu|ses except for the |Owerthe other hand, the cation radical is formed asamsient
repetition rate (1 Hz). Since the molar extinction coefficients SPecies which is destined to disappear in the time scale of
at 355 nm for the triplet state, 1:6 10* M~tcm™* (15), and 27 ms through charge recombination. Therefore, the tem-
the cation-radical state, 2.0 1° M~lcm* (18), are on a perature dependence is related to the efficiency of charge
similar order of magnitude, the selective detection of the recombination between the transient cation radical and its
cation-radical state by transient Raman spectroscopy mayCOUnterpart; here, the extent of delocalization of the Unpaired
be due to its accumulation of a component living longer than electron of the cation radical is always limited within, or
the repetition interval of 100 ms (10 Hz), although time- slightly over, the BChla pair covering the neighboring
resolved EPR spectroscopy using 532 nm, 1 Hz, and 5 nsfépeating subunits.
pulses determined its lifetime to be 27 ms.

CONCLUSIONS

Generation of BChl a Cation Radical by Chemical
Oxidation of the LHCs: Comparison with Photo-oxidation. The LH1 complex and a native form of the LH2 complex
The generation of BChh cation radical upon chemical have been isolated from the carotenoidless mutant®.of
oxidation of the LHCs using ferricyanide was first evidenced sphaeroidesand characterized. Transient Raman spectros-
by EPR and electronic absorption spectroscopies for thecopy of the LHCs detected both the generation of the triplet
chromatophores of the RC-less mutantRs. rubrum(71); state upon picosecond pulsed photoexcitation and the genera-
a Gaussian signal with @value of 2.0025 and a line width  tjon of the cation-radical state upon nanosecond pulsed
of 3.8 G was detected. Similar observations were made for photoexcitation. Subpicosecond to picosecond time-resolved
the purified LH1 complexes dRs. rubrumR. sphaeroides  absorption spectroscopy revealed rapid generation of the
andEctothiorhodospirasp. (72) as well as for the chromato-  triplet state and fast decay of the singlet state. Submicro-
phores ofR. capsulatug73) and another RC-less mutant of  second to microsecond time-resolved absorption spectroscopy
Rs. rubrum(74). In all of the above cases of chemical showed transformation of the triplet state into the cation-
oxidation, the line width was in the range 3.6.8 G, and  radical state. EPR spectroscopy confirmed the generation of
the application of the equatiod\Hy = (1/~/N)AHM (vide the cation radical and showed that the unpaired electron is
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shared by two BCh& molecules. The yields of the BChI
cation radical per pigmentprotein complex in the LH1 and

the LH2 complexes have been estimated to be about 80% 19-
and 50% of that in the RC. The generation of the triplet state
is ascribed to singlet homofission and the generation of the
cation-radical state to charge separation, both between the
BChl pair covering the neighboring repeating subunits in the 27,
LHCs. Thus, these reactions, when an excess amount of
photons is applied, originate from the unique assembly of 22.

the B850 BChla molecules.
The generation of the triplet state of BChland the

subsequent transformation into the cation-radical state have
been shown as intrinsic properties of the isolated, caro-
tenoidless antenna complexes. In the carotenoid-containing o5

LH2 complex, the cation-radical state of BGtannot be
generated because the triplet state of B&isl quenched by

carotenoid. Thus, the photoprotective function of carotenoid

against the photo-oxidation of BChlis evidenced.
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