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ABSTRACT. Rubrivivax gelatinosufiaving both the spheroidene and spirilloxanthin biosynthetic pathways
produces carotenoids (Cars) with a variety of conjugated chains, which consist of different numbers of
conjugated double bonds)( including the G=C (m) and G=0 (0) bonds. When grown under anaerobic
conditions, the wild type produces Cars for whitk- m = 9—13, whereas under semiaerobic conditions,

it additionally produces Cars for whiah=m+ o= 10+ 1, 13+ 1, and 13+ 2. On the other hand,

a mutant, in which the latter pathway is genetically blocked, produces only Cars for whichand 10

under anaerobic conditions and= 9, 10, and 10+ 1 under semianaerobic conditions. Those Cars that
were extracted from the LH2 complex (LH2) and the reaction center (RC), isolated from the wild-type
and the mutanRvi. gelatinosuswere analyzed by HPLC, and their structures were determined by mass
spectrometry aneH NMR spectroscopy. The selective binding of Cars to those pigrmotein complexes

has been characterized as follows. (1) Cars with a shorter conjugated chain are selectively bound to LH2
whereas Cars with a longer conjugated chain to the RC. (2) Shorter chain Cars with a hydroxyl group are
bound to LH2 almost exclusively. This rule holds either in the absence or in the presence of the keto
group. The natural selection of shorter chain Cars by LH2 and longer chain Cars by the RC is discussed,
on the basis of the results now available, in relation to the light-harvesting and photoprotective functions
of Cars.

Carotenoids (Car$)n bacterial photosynthesis have dual complexes (hereafter, abbreviated as LH1 and LH2, respec-
functions of light harvesting and photoprotectidn. (n the tively, or collectively as LHC) is light harvesting, while that
former function, Cars harvest light energy in the blue-green of Cars in the reaction center (RC) is photoprotection,
region where bacteriochlorophylls (BChls) do not, whereas although Cars bound to the RC play the light-harvesting
in the latter function, Cars protect the photosynthetic system function and Cars bound to LHC play the photoprotective
against degradation by harmful singlet oxygen that is function, as well.
generated by triplet-energy transfer from BChls. More  Most recently, it has been found that photosynthetic light
specifically, the light-harvesting function includes the ab- harvesting, in excess light, is regulated by a process as
sorption of light by Car followed by singlet-energy transfer feedback deactivation by the use of the radical cation of a
to BChl, whereas the photoprotective function includes Car, zeaxanthin2). Further, intermolecular Car-to-(B)Chl
triplet-energy transfer from BChl to Car followed by the radical cation electron-transfer reactions have been identified
dissipation of the triplet energy by Car. Presumably, the inthe photosystem Il reaction cent8j &nd in bacterial LH1
major function of Cars in the LH1 and LH2 antenna antenna complexed). There can be “a redox photoprotec-
tive function of Cars”.
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of state energies as linear functions of /(2 1) in an~2:
3:4 2A 1B, :3A4 ratio, which were determined by
resonance Ramam)( electronic absorptionl@), and fluo-
rescence (summarized in 1@fspectroscopies, were in good
agreement with those obtained by the PPP-MRD-CI (Pariser
Parr—Pople multireference double-excitation configurational
interactions) calculationd ). Most recently, the ADC(2)-x
(extended second-order algebraic diagrammatic construction)
calculations reproduced the state ordering of1B 1B~
> 2A4" and the slopes of linear functions in a 2:2.44,2A
1B, ratio (18). The symmetry of each singlet state has not
been determined experimentally yet. Other proposals of
singlet states, including the S* statE9d], the S state R0),
the S state 1), and the vibrationally hot 245 state 22),
have also been made. Therefore, the singlet-state energies
10000 of Cars are still a matter of debate.

The selection of the 16is configuration by the RC has
been ascribed to its potential for rapid isomerization toward

20000

15000

Energy / cm™'

T1gggg the alltrans configuration upon triplet excitatior28—26).
e e | The rotational motion around the=€C bonds, even in the
binding pocket of the RC, can cause a change in the orbital
5000 0.04 0.05 angular momentum and, as a result, a change in the spin
1/(2n+1) angular momentum through the spiarbit coupling. This

Ficure 1: Dependence of the singlet-state (1B3A,~, 1B,", and enhances the1Ttriplet) — S (ground) intersystem crossing,
2A47) and triplet-state (1) energies on the number of conjugated accompanying the dissipation of triplet ener@f<29).
double bondsr() of Cars. The 1B, 3As", 1B,”, and 2A"~ energies Figure 1 (the bottom part) also depicts the triplet energies

were determined by measurement of resonance Raman excitatio . . . : :
profiles of mini-94-carotene § = 9), spheroidenen( = 10), 'bf BChl and Car in LH2. Since the light-harvesting function

lycopene (= 11), anhydrorhodovibrim(= 12), and spirilloxanthin includes the (_:a"'to'B(_:hl S_in9|9t'energy transfer, Wher(_aas the
(n=13) in the solid state7—9). The T; energies were determined  photoprotective function includes the BChl-to-Car triplet-

by high-sensitivity emission spectroscopy of neurosporene( energy transfer, and since the singlet- and triplet-state

9), spheroidenen(= 10), and lycopene and rhodopin (bath= energies are reduced withas linear functions of 1/(2+
11) bound to LH2 fronRba. sphaeroide&1C, Rba. sphaeroides i .
2.4.1, andRsp. molischianun5). The singlet-state (Qand Q) 1), it is naturally expected that those Cars having a smaller

and triplet-state (1) energies of BChh bound to LH2 are also N (as aresult, a higher singlet energy) are advantageous for
shown for comparison; the former were determined by conventional the light-harvesting function whereas those having a larger
absorption spectroscopy and the latter by high-sensitivity emission n (a lower triplet energy) for the photoprotective function.

Spectroscopyss). However, this idea needs to be proven in the real photosyn-
thetic system.
A natural selection of the Car configurations, i.e., the all-  In a previous investigation, we examined a set of Cars (
trans configuration by LHC versus the 1é&is configuration = 11-13) that were produced through the spirilloxanthin

by the RC, has been founf, €). The reason for the selection pathway inRhodobium marinung30); we found the pref-

of the alltrans configuration by LHC has been explained erential binding of the precursoras € 11 and 12) to LH1

as follows. Figure 1 (the top part) shows an energy diagram and that of spirilloxanthin {' = 13) to the RC. This

for the low-lying singlet states of Cars as functions of 1/ preferential binding supports the idea described above of the
(2n + 1), wherenis the number of conjugated double bonds. natural selection of the Car conjugation lengths by LHC and
The approximateC,, symmetry of the stretched conjugated the RC for the light-harvesting and photoprotective functions,
chain gives rise to low-lying singlet states having different respectively.

symmetries, including 1B, 3Aq~, 1B,~, and 2A,~; the 1B~ Figure 2 shows the spheroidene pathway on the left-hand
and 3A,~ states were found recently-{9). According to side (hereafter abbreviated as lhs) and the spirilloxanthin
the selection rule 10, 11), the ionic 1B™ state can be  pathway on the right-hand side (rhs) Rubrivivax gelati-
populated by absorptive transition from the groundy1A  nosus In the wild type, both pathways functioBY), but in
state, whereas the covalent3A1B,~, and 2A~ states can  the mutant, the spirilloxanthin pathway is genetically blocked
be populated only by internal conversion from the,LBtate (32). Hereatfter, we will call the numbers of conjugateg-C
(12). It has been shown that the Car-to-BChl singlet-energy C and G=O bondsm ando, respectively, and their sum (the
transfer takes place through plural channels, i.e., starting fromnumber of conjugated double bonds)= m + o. When

the 1B*, 1B,”, and 2A, states, during the internal- grown under anaerobic conditions, wild-tyRel. gelatinosus
conversion processes in LH1 and LH3¢15), explaining produces a variety of Cars for which= m= 9—13. When

the reason for the selection of the &tns configuration. grown under semiaerobic conditions, it produces keto-Cars
The role of the 34 state (shown with gray circles in to further increase the conjugation lengtf) fo 10+ 1 in
Figure 1) remains to be elucidated. the spheroidene pathway and to 431 and 13+ 2 in the

The notation of the singlet states of Cars used in this report spirilloxanthin pathway. A mutant, the spirilloxanthin path-
is based on the extrapolation of the results of theoretical way of which had been genetically blocked, was also used
calculations. The ordering of the state energies and the slopedo artificially reduce the number of conjugated chains
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Ficure 2: Car biosynthetic pathways Rvi. gelatinosuswhich include the spheroidene pathway (lhs) and the spirilloxanthin (rhs) pathway.
Those Cars surrounded by a dashed line are synthesized when the wild-type cells are grown under anaerobic conditions. Keto derivatives
outside of the dashed line can be produced (dotted arrows on both sides) when the cells are grown under semiaerobic conditions. In the
mutant Al-1rc), the spirilloxanthin pathway is genetically blocked.

available under anaerobic and semiaerobic conditions (  sphaeroidesynthesizing neurosporene. The cells were grown
9, 10, and 106+ 1). Combination of the wild-type and mutant under anaerobic conditions at-290 °C in the light (3006~
strains grown under both culturing conditions has provided 4000 Lux) for 1723 h after incubation in the dark for
us with four different sets of Cars so we can examine whether 5—8 h. In the semiaerobic culturing, the cell suspension was
such selective binding is present between LH2 and the RC.bubbled with air in the la&s5 h of culturing in the light. To

Thus, we have addressed the question of whether naturakchange the Car composition bound to well-developed
selection of the conjugation length between LH2 and the RC photosynthetic pigmentprotein complexes, we used this
has been developed Rui. gelatinosughat produces a variety  culturing condition (we call this the “semiaerobic” condition),
of Cars. Actually, we have obtained a positive answer to which probably corresponds to “insufficient aeration” de-
this question and discussed the mechanisms and the reasorscribed in ref34.

for the selective binding based on the data now available  cnhromatophores (120620000 fraction) were obtained
concerning the Car binding sites and the excited-state py gisruption of the cells using a French press (1450 kg/
dynamics of Cars. cn?) followed by centrifugation. For the preparation of LH2,
the chromatophores (Qp)= 50 cn1t) were suspended in a
MATERIALS AND METHODS buffer [20 mM Tris—H(éjl?(pH 8.0) (hereafter, called “Tris
Culturing the Cells of Ri. gelatinosus and Preparation  buffer”)] and solubilized with 1.5%N,N-dimethyldodecyl-
of LH2 and the RCWild-type Rui. gelatinosugstrain 1L144) amineN-oxide (LDAO; Fluka Chemie GmbH) at €C for
and a genetically engineered mutant-{rc) were grown in 45 min. The suspension was diluted into twice the volume
PYS medium [0.5% polypeptone, 0.1% yeast extract, 0.5% with Tris buffer and applied to a DE52 column (Whatman
sodium succinate, and minerals (pH 7.@B) without and International Ltd.) after centrifugation (2509&@nd 4°C for
with ampicillin (50 ug/mL), respectively §2). This mutant 10 min). The LH2 component eluted at 100 mM NacCl in
was constructed by deleting tbetl gene which encodes the  Tris buffer containing 0.1% LDAO; NaCl in the buffer was
phytoene desaturase synthesizing both neurosporene andemoved by dialysis. For the preparation of the RC, the
lycopene and by introducing tlegtl gene fromRhodobacter chromatophores (O§) = 50 cnT) were solubilized at 0C
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for 30 min in Tris buffer containing 1.0% LDAO. The one half of each Car structure (hereafter, called “half-
resultant suspension was applied to a DE52 column afterstructures”). Neurosporene, chloroxanthin (which we call
centrifugation (200009 and 4 °C for 60 min). The RC OH-neurosporene), demethylspheroidene, and spheroidene
component eluted at 50 mM NacCl in Tris buffer containing have four different half-structures on the Ihs-@ respec-
0.05% LDAO; again, NaCl was removed by dialysis. tively) and share half-structure’fan the rhs. OH-Spheroi-

HPLC Analysis of the Car Extracts from LH2 and the.RC dene also has a half-structure (d) on the Ihs and another half-
Cars were extracted from LH2 and the RC as follows. The Structure (B on the rhs. Spheroidenone and OH-spheroidenone
suspension of LH2 or the RC in Tris buffer with 0.1 or 0.05% share a fifth half-structure (e) on the lhs and have the above-
LDAO (OD x V= ~5 cmrl mL) was loaded onto a DE52 mentioned half-structures on the rhsdad b, respectively).
column, washed with 1 column volume of distilled water, Spirilloxanthin and 2,2diket05piri”0xanthin consist of a pair
and then dried with a stream of nitrogen gas. All the pigments Of half-structures (d and e, respectively); 2-ketospirilloxanthin
were extracted from the column by addition-e10 mL of between them consists of one each. The assignment of each
a mixture of methanol and acetone (2:7). The extract was Car has been made by means of mass spectrometriHand
dried up with nitrogen gas and then dissolved into the eluent NMR spectroscopy, taking advantage of the structural
for high-pressure liquid chromatography (HPLC) analyses. characterization described above.

The HPLC analysis of the extracted Cars was performed Table 1 lists mass spectrometry data for the seven Cars
under the following conditions: column, a home-packed except for the standard set of Cars, i.e., neurosporene,
silica-gel, Lichrosorb Si-60 (%s; Merck GmbH) column  spheroidene, and spirilloxanthin, whose correlations between
[4.6 mm (inside diameterx 300 mm]; eluent, 1.5% acetone the structures and the mass spectroscopy data have been well-
in benzene (v/v); flow rate, 0.8 mL/min; and detection documented35). The excellent agreement, within the limit
wavelengths, 356800 nm by using a photodiode array of experimental error£0.0017 atomic mass unit), between
detector (Waters 996; Waters Corp.). the observed and calculatedz values of the molecular ion

Mass Spectrometry ariti NMR Spectroscop§lectron- peak proves the assignment of_each Car in the table. Main
impact ionization mass spectra were recorded in chloroform fragment peaks are also assigned by the use of each
as reported previoushB0). A set of 600 MHz!H nuclear molecular weight (M). The M— 18 .pea}ks indicating the
magnetic resonance (NMR) spectra, includifig-'H COSY removal of a water molecule, appearing in OH-neurosporene,
(correlation spectroscopy) ariti—!H ROESY (rotating- demethylspheroidene, and OH—sphermdenone, confirm the
frame Overhauser enhancement spectroscopy) spectra, werBal-structures (b, ¢, and)prespectively. The fragment peak
recorded for spirilloxanthin, 2-ketospirilloxanthin, and’2,2 ~ ©f 69 appearing in OH-neurosporene and demethylspheroi-
diketospirilloxanthin, having the longest conjugated chains, d€ne confirms the half-structure Yaand the fragment peak
on a Bruker Avance 600 DRX spectrometer equipped with of 73 appearing in the rest qf the Cars confirms the half-
a Bruker/SG| workstation. A set of 400 MH# NMR structures (d and e). The ratios of the two fragment peaks
spectra were recorded for the rest of the Cars as reported’foduced by in-chain reactions, i.e., M 92 (toluene) and
previously 80). In both measurements, tetramethylsilane was M — 106 (xylene), nicely reflect the numbers of<C bonds,
used as an internal standard. A set of one-dimensional spectrz? (0.89), 10 (0.120.17), and 13 (0.0150.016) @5). The
(digital resolution, 0.18 and 0.24 Hz, respectively) and the Presence or absence of the=O bond(s) does not affect the
two-dimensional spectra (digital resolution, 5.87 and Value at all 85). Thus, mass spectrometry has precisely
6.83 Hz, respectively) mentioned above was used to asSigndetermlned the molecular weight and partially characterized

the H signals of each extracted Car. the molecular structure of each Car.
Table 2 lists the values of thié1 chemical shifts for the
RESULTS 10 Cars. The structure of each Car can be characterized as
follows, starting from the set of standard Cars, i.e., neuro-
Identification of Carotenoids in LH2 and the RC sporene, spheroidene, and spirilloxanthin, whose correlations

. - . , between the structures and & chemical shifts have been
Figure 3 exhibits the HPLC elution profiles for the Car |, al_established by the use of NMR spectroscop@s—(
extracts from LH2 and the RC of the wild type grown under 39),2 including '"H—H COSY, 'H—H ROESY, 3C DEPT
anaerobic and semiaerobic conditions (the top left and right (yistortionless enhancement by polarization transfer), and
panels) and those of the mutant grown under anaerobic anoggc_lH COSY (see both Table 2 and Figure 4). (i) With
semiaerobic conditions (the bottom left and right panels). e transition from neurosporene to OH-neurosporene (a, a
The assignment of each peak, which was obtained by the_. 1, 4y 'the high-field shifts (hfs) of the methyl and olefinic

structural determination to be described below, is indicated. 1, signals take place due to the electron donated by the OH
Ten different kinds of Cars, in total, were_|d9nt|f|ed by S|I_|ca group (see the underlined values in the table), the rest of the
gel chromatography; those Cars are indicated by single 5y es being unchanged. (i) With the transition from

asterisks in Figure 2. A set of four different Cars in the SpherOidene to demethylspheroidene (:d_ac a) the
spirilloxanthin pathway, which had been identified by silica  ethoxyH signal disappears and the ll\%;é-sig,nal Shifts
gel chromatography in a previous investigation Rbi. to the lower field, the other chemical shifts being unchanged.

marinum (indicated by double asterisksp{), were not i \with the transition from spheroidene to OH-spheroidene
identified in this present investigation, suggesting that the (" 4 _, 4 b), the hfs of the methyl and olefini signals
harvested cells were in a stationary phase as far as the pai§ ' T

of biosynthetic pathways was concerned. X : X — —
. . . 2 The chemical shifts ofH signals we obtained in this investigation
Figure 4 depicts the chemical structures of the 10 Cars, yere in agreement with those in the literature within the limit of

which can be characterized in terms of the combination of experimental error (0.01 ppm).
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Ficure 3: HPLC elution profiles of the Car extracts from LH2 and the RC of the wild type (top) and the mutant (bottom) grown under
anaerobic (Ihs) and semiaerobic (rhs) conditions. The chemical structures of those Cars are shown in Figure 4.

IS
o

take place in the vicinity of the OH group newly introduced the hydroxyl group in spheroidene (d, & d, b) and

as in case (i). (iv) With the transition from spheroidene to spheroidenone (e, &> e, b). (vi) With the transition from
spheroidenone (d, & e, d), large low-field shifts (Ifs) of  spirilloxanthin to keto- or diketospirilloxanthin (d,¢ e, d

the methyl and olefinicH signals take place notonly inthe o 4, d— e, e, respectively), the introduction of one or two
vicinity of the C=0 group but also in the extended part of a5 =0 groups causes the large Ifs of the relevant methyl

the conjugated chain, most probably due fo the strong and olefinic'H signals in an extended region, as in case (iv)
electron-withdrawing effect of the keto group that is intro- 9 glon,

duced. (v) With the further transition to OH-spheroidenone ©N 90ing from spheroidene to spheroidenone (¢, &).
(e, & — e, B), the hfs of the methyl and the olefini¢d The values of the'H chemical shifts of the standard
signals additionally take place as in both cases of introducing neurosporene, spheroidene, and spirilloxanthin can be easily
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Ficure 4: Chemical structures of Cars identified in this investigation. The humberss@ &xd G=0 bonds are indicated as Can (+
0). All the Car structures can be characterized in terms of half-structaresappearing on the lhs antland 5 appearing specifically on
the rhs of the vertical dashed line.

Table 1: Mass Spectrometry Data for Carotenoids Isolated from LH2 and the Rd.ajelatinosus

atomic molecular ion peak
carotenoidsrf) composition observed calculated main fragments —92)/(M — 106)

OH-neurosporene (9) 4HedO 556.4632 556.4641 450 (M 106), 464 (M— 92), 0.89
538 (M — 18), 69, 81

demethylspheroidene (10) 481580 554.4471 554.4484 448 (M 106), 462 (M— 92), 0.17
536 (M — 18), 69

OH-spheroidene (10) £He02 586.4749 586.4746 480 (M 106), 494 (M— 92), 73 0.12

spheroidenone (14 1) C41Hs50, 582.4425 582.4433 476 (M 106), 490 (M— 92), 73 0.16

OH-spheroidenone (16 1) C41HedO3 600.4523 600.4540 476 (M 124), 494 (M— 106), 0.17
508 (M — 92), 582 (M— 18), 73

2-ketospirilloxanthin (13+ 1) C42Hs603 610.4385 610.4383 472 (M 138), 504 (M— 106), 0.015
518 (M — 92), 578 (M— 32), 73

2,2 -diketospirilloxanthin (13t 2) CaoHs604 624.4174 624.4175 518 (M 106), 532 (M— 92), 73 0.016

confirmed in terms of théH chemical shifts of half-structures  isolated from the wild type (the Ihs panels) and the mutant
a, d, and d. (the rhs panels) grown under anaerobic (left) and semiaerobic

As shown above, each unique set of chemical shift values (right) conditions. Here, the abscissa scale is indicated by
can be nicely explained in terms of the combination of m, and each Car is specified as Can) or Car fn + 0). The
half-structures, within the limit of experimental error values of Car compositions (in mole percent) are listed for
(£0.03 ppm). The fact proves that both the chemical chromatophores, LH2, and the RC in Table S1 of the
structures of Cars and the assignment of #iesignals are Supporting Information.

correct. Wild Type, Grown under Anaerobic Conditiorshorter

S chain Car = 9) and Car 1§ = 10) are preferentially bound
Selecte Binding of Cars to LH2 and the RC to LH2, whereas the longest chain Car=t 13) is bound to
Figure 5 depicts the compositions of Cars extracted from the RC almost exclusively. Shorter chain OH-Cars are
LH2 (top panels) and the RC (bottom panels) that were exclusively bound to LH2.
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Table 2: *H Chemical Shift Valuesd in parts per million) for Isolated Carotenoids from LH2 and the RQRaif gelatinosus(in chloroformd
solution)

neuro- OH-neuro- demethyl- spher- OH-spher- spheroi- OH-spheroi- spirillo- 2-ketospirillo- 2,2-diketospirillo-

proton sporene sporene spheroidene oidene  oidene denone denone xanthin xanthin xanthin
a b [ d d e e d e e
10H - nd nd - - - - - — —
10Me - - - 3.23 3.23 3.22 3.22 3.24 3.22 3.22
1Met 1.66 1.20 1.24 1.16 1.16 135 1.35 1.16 _1.36 1.36
1Me? 1.58 1.2 1.24 1.16 1.16 1.35 1.35 1.16 1.36 1.36
2H 5.09 1.4 2.31 2.32 2.32 = - 2.33 = -
3H 2.11 2.0 5.75 5.72 5.72 6.76 6.76 5.72 6.77 6.78
4H 2.06 2.1 6.21 6.16 6.16  _ 7.47 7.47 6.17 ~7.48 7.48
5Me 1.80 1.82 1.93 1.93 193  1.99 1.99 1.93 ~2.00 2.00
6H 5.94 5.95 6.13 6.11 6.11 _ 6.61 6.61 6.12 _6.62 6.63
7H 6.47 6.50 6.59 6.59 6.60 6.56 6.56 6.61 6.63 6.64
8H 6.23 6.24 6.36 6.34 635 _ 6.58 6.58 6.36 _6.56 6.56
9Me 1.95 1.95 1.98 1.98 1.98 2.00 2.00 1.98 1.99 2.00
10H 6.16 6.18 6.21 6.25 6.23 _ 6.34 6.34 6.24 _6.36 6.36
11H 6.61 6.62 6.63 6.62 6.63 6.63 6.63 6.65 6.65 6.66
12H 6.33 6.35 6.38 6.38 6.37 _ 6.45 6.44 6.39 _6.46 6.46
13Me 1.95 1.96 1.96 1.96 1.97 1.97 1.97 1.99 2.01 2.01
14H 6.21 6.24 6.26 6.22 6.26  6.31 6.31 6.28 ~6.33 6.34
15H 6.59 6.59 6.61 6.61 6.62 6.61 6.61 6.65 6.66 6.69
15H 6.61 6.63 6.64 6.61 6.63 6.67 6.67 6.65 6.70 6.69
14' 6.18 6.20 6.21 6.20 6.20 6.21 6.21 6.28 6.29 634
13Me 1.93 1.96 1.95 1.95 1.95 1.96 1.96 1.99 2.00 2.01
12H 6.22 6.25 6.24 6.24 6.24 6.24 6.24 6.39 6.40 646
11H 6.48 6.49 6.50 6.50 6.50 6.52 6.52 6.65 6.67 6.66
10H 5.94 5.95 5.96 5.96 5.95 5.96 5.96 6.24 6.24 _6.36
9Me 1.80 1.82 1.82 1.82 1.82 1.83 1.83 1.98 1.99 2.00
8'H 2.10 2.13 2.13 2.12 2.13 2.13 2.13 6.36 6.37 __ 6.56
7H 2.11 2.13 2.13 2.12 2.13 2.13 2.13 6.61 6.61 6.64
6'H 5.09 5.12 5.12 5.12 5.12 5.12 5.12 6.12 6.12 __ 6.63
5'Me 1.59 1.60 1.61 1.61 1.60 1.60 1.60 1.93 1.94 __2.00
4'H 1.96 2.00 1.98 2.00 1.98 1.97 1.98 6.17 6.17 748
3'H 2.04 2.00 2.06 2.05 1.51 2.06 1.51 5.72 5.72 _6.78
2'H 5.07 5.11 5.08 5.08 1.42 5.09 1.4 2.33 2.33 —
1'Met 1.59 1.61 1.60 1.60 1.20 1.62 1.2 1.16 1.16 ~1.36
1'Me? 1.67 1.69 1.68 1.68 1.20 1.68 1.2 1.16 1.16 ~1.36
1'OMe - — - - - - — 3.24 3.24 3.22
1'0OH - - - - n - n - - -
a a a a b' a b’ d d
wild type mutant
anaerobic semi-aerobic anaerobic semi-aerobic
T T T T T T T T T T T T T T T T T T T T
goL LH2 1L % L 4L i
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Ficure 5: Selection of the Car-conjugated chains by LH2 (top) and the RC (bottom) in the wild type (lhs) and the mutant (rhs), grown
under anaerobic (left) and semiaerobic (right) conditions. Cars are classified by the number of conjag@tbdr@s ). The conjugated

chains of those Cars are classified into OH-Cars (top right to bottom left, oblique lines), keto-Cars (top left to bottom right, oblique lines),
keto-Cars with the OH group (crossed oblique lines), and Cars with neither the OH nor the keto group (white bars).

Wild Type, Grown under Semiaerobic Conditio&ar exclusively bound to LH2, and Can & 10) and keto-Car
(n = 10) and keto-Carm(= 10+ 1) with the OH group are  (nh = 10 + 1) without the OH group also are preferentially
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FiGUrRe 6: Selection of the Car conjugation lengths by LH2 (top) and the RC (bottom) from the wild type (lhs) and the mutant (rhs), grown
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under anaerobic (left) and semiaerobic (right) conditions. Cars are classified by the number of conjugated double somd$ ©),
including the G=C (m) and C=0 (0) bonds; no differentiation is made between the presence or absence of the OH group.

bound to LH2. On the other hand, Car= 13) and its mono-
and diketo derivatives, i.e., Can(= 13 + 1) and Car
(n= 13+ 2), respectively, are exclusively bound to the RC.

Mutant, Grown under Anaerobic ConditiorSar ( = 9)
and Car ( = 10) with and without the OH group are bound
to LH2, whereas Cam(= 10), the longest chain Car that is
readily available, is preferentially bound to the RC. It is
interesting that even OH-Can & 10) and Carif = 13) are
bound to the RC. The following observations strongly suggest
the selective binding of the longest chain Car, i.e., spiril-
loxanthin, to the RC. When thatl gene ofRba. sphaeroides
that was introduced into this mutant was overexpressed in
Escherichia coliwith a phytoene synthesis background, a
small amount of lycopene, the precursor of spirilloxanthin,
was detected (showing a leakage) with a significant amount
of neurosporene4()). However, spirilloxanthin was not
detected in the cell extract of this mutant grown under the
anaerobic condition in a previous stud32). In this study
(Table S1 of the Supporting Information), spirilloxanthin was
not detected in either chromatophores or LH2 at all but was

Figure 6 depicts the selection of the overall conjugation
length. Here, all the Cars are characterized simply by the
number of conjugated double bondy,(including both the
C=C (m) and C=0 (0) bonds. This classification is based
on the idea that the singlet and triplet excited-state energies
are determined by the number of conjugated double bonds
(n = m + o). Here, no differentiation is made between the
presence and absence of the OH group. It is generally shown
that Cars with a shorter conjugated cham= 9 or 10
anaerobically andn 10 or 11 semiaerobically) are
preferentially bound to LH2, whereas those available Cars
with the longest conjugated chain € 13, 13-15, 10, or
11 depending on the strain and the culturing condition) are
preferentially bound to the RC. In the case of the wild type,
where those pigmentprotein complexes can freely choose
the conjugation lengths from a variety of them, this selective
binding is clearly seen, irrespective of the anaerobic or
semiaerobic culturing conditions. In the case of the mutant,
the choice of the conjugation lengths is limited, and as a
result, the selective binding becomes less clear.

detected in the RC. The accumulation of such a small amountp|scussIoN

of spirilloxanthin in the RC suggests selective binding.

Mutant, Grown under Semiaerobic Conditio@ar ( =
9) with and without the OH group and Can & 10) and
keto-Car o = 10 + 1) with the OH group are selectively
bound to LH2, while Carr{ = 10) and keto-Carn(= 10 +
1) without the OH group are mainly bound to the RC. Here
again, Carif = 13) and keto-Carn(= 13 + 1), both the
leak components through the spirilloxanthin pathway, are
selectively bound to the RC.

Possible Mechanisms of SeleetiBinding: Structures of
the Car Binding Sites in LH2 and the RC

The structures of the Car binding sites in LH2 and the
RC from Rui. gelatinosusare unknown; however, the
structure of the binding site in LH2 oRhodospirillum
molischianum(41) and that in the RC oRba. sphaeroides
Y (42) are useful in contrasting their structures with each
other and in examining the mechanisms of selective binding:

The binding described above can be generally summarized LH2 (see Figure 6¢ of ref 30)The Car binding site is

as follows. (i) OH-Cars are selectively bound to LH2 almost
exclusively. (ii) Keto-Cars are bound to both LH2 and the
RC. (iii) Shorter chain Carsn(= 9 or 10 anaerobically and
10 or 10+ 1 semiaerobically) are preferentially bound to
LH2. (iv) The available Cars with the longest chains are
selectively bound to the RC.

shifted upward in the figure along the axis normal to the
membrane plane. The top part is surrounded by hydrophilic
amino acid side chains whereas the bottom part by aromatic
amino acid side chains and the macrocycles of B850 BChls.
The conjugated chain is surrounded by aromatic amino acid
side chains to facilitate the dispersive interaction.
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Some time ago, unexpected similarities were found A 100
between LH2 fronRsp. molischianurand LH1 from other L LH2
purple bacteria43). Most recently, a close resemblance was | ]
found between the structure of LH1 froRhodospirillum
rubrumas determined by NMR spectroscopy in solutidd)(
and that of LH2 fromRsp. molischianuras determined by |
X-ray crystallography41). Therefore, the binding site shown < 50- — d
in Figure 6¢ of ref30 may accommodate not only shorter |
chain Cars but also the longest chain Car, spirilloxanthin. 7 7
However, LH2 from the present strain, i.Byi. gelatinosus | . lEZ
selectively binds Cars for whicin =9 and 10 § = 9, 10, ' :
and 11). There must be some structural modification for the | _| _‘ 2A,
selective binding of such shorter chain Cars and for the T '
exclusion of the longest chain Cars for whict= 13 (n = 11 11 10 9
13, 14, and 15). f

On the other hand, the structure of LH2 froRwsp. n
molischianummicely explains the selective binding of OH- B i : : .
Cars with a shorter conjugated chain. The OH group on one
side can strongly interact with the hydrophilic amino acid
side chains on the upper membrane surface, whereas the
conjugated chain of Cars can interact with the BChl
macrocycles and the aromatic amino acid side chains on the
bottom and the lateral surface of the Car binding pocket.
The idea concerning the binding of OH-Cars can be
supported by the binding of rhodopin glucoside to LH2 from
Rhodopseudomonas acidophithe structure of which has
been determined by X-ray crystallography [PDB entry 1KZU
(45); 46]. The glucoside group is oriented upward to interact
with hydrophilic amino acid side chains and possibly with
the aqueous layer.

RC (Figure 6a,b of ref 30)The Car binding site is 554 555
V-shaped to accommodate the central-bentcis5Car, 11(2n+1)
spheroidene, for example. One of the stretched conjugatedrcure 7: (A) Efficiencies of singlet energy transfer from Car to
chain extends between a pair of helices, and the other fills BChl, through the 18" — Qx (gray), 1B~ — Qx (oblique lines),
a pocket on the surface of the M subunit. Both ends extrude and 2A,~ — Q, (vertical lines) channels and the generation of the

. - : T, state from the 1B state (white bars) in LH2 fronRba.
from the hydrophobic sides of the peptide subunit toward sphaeroide$51C,Rba. sphaeroide®.4.1,Rsp. molischianugrand

the hydrocarbon chains of the lipid layer. As a result, there gjs - acidophilal0050 containing neurosporene# 9), spheroi-
is no limitation in the length of the Car-conjugated chain. dene = 10), lycopene and rhodopin (both= 11), and rhodopin
The central-bent 18is Car is surrounded by many aromatic ~ glucoside ( = 11), respectively15). (B) Dependence of Im (T;
amino acid side chains and is stabilized by dispersive lifetime) onn, as a linear function of 1/¢2+ 1), in the same set

; : : _of LH2 species listed above and the RC frdtba. sphaeroides
interaction among the conjugated systems and the hydro G1C, Rba. sphaeroide®.4.1, andRsp. rubrumS1 containing

carbon chains of lipid. The longest chain Cars may be neyrosporenen(= 9), spheroidenen(= 10), and spirilloxanthin
stabilized most. (n = 13), respectively47).

The pictures of the Car binding sites given above explain
the selective binding of the shorter chain Cars without and sphaeroidesG1C, Rba. sphaeroide2.4.1, Rsp. molis-
with the OH group to LH2, and the selective binding of the chianum and Rps. acidophilal0050, containing neuro-

longest chain Cars to the RC. sporene 1f = 9), spheroidenen( = 10), lycopene and
. L . rhodopin (bothn = 11), and rhodopin glucoside & 11),
Possible Reasons for the SeleetiBinding of Cars in respectively {5). The figure shows that all the 18 1By,

LH2 and the RC and 2A,~ channels of singlet-energy transfer are active in

As described in the introductory section, it is likely that Car (= 9) and Car ¢ = 10), but the latter two channels
the light-harvesting function is most important in LH2, are practically inactive in Carsi(= 11). The sums of the
whereas the photoprotective function is most important in efficiencies through the three channels of singlet-energy
the RC. We will try to rationalize the natural selection of transfer that were determined by the analysis of excited-state
the conjugation lengths by LH2 and the RC in relation to dynamics, i.e., 88, 84, 51, and 54%, nicely correspond to
their physiological functions on the basis of our recent results the overall efficiencies that had been determined indepen-
of investigations 15, 47). dently by comparison of the Car fluorescence excitation and

LH2. Figure 7 (the top panel) graphically shows the absorption spectra after normalization at thea@sorption
efficiency of triplet generation and those of the Car-to-BChl of BChl, i.e., 92, 89, 53, and 56%4%). Note that there is a
singlet-energy transfer through three channels, i.e,f B sudden decrease in the extent of Car-to-BChl singlet-energy
Qu 1By~ — Qy and 2A~ — Q, in LH2 from Rba. transfer on going froom = 10 ton = 11.
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Figure 1 (top) shows the energies of the,1BA;, 1B, the case for the LH complex frolRba. sphaeroides hose
and 2A,” states of Cars, as functions of (2 1), which results clearly indicate that the structure of the apoprotein
were determined by measurement of resonance Ramarplays an important role in determining the singlet energy-
excitation profiles of Cars in the crystalline sta®.(The transfer efficiency.
energies of the Qand Q states of BChla in LH2, This view just focusing on the lengths of the conjugated
determined by conventional absorption spectroscopy, are alsachain may be too simple, although we believe it is good
shown for comparison. The efficiency of Car-to-BChl singlet- enough for a first approximation. In this relation, it is worth
energy transfer is governed, in general, by the overlap mentioning that similar and consistent conjugation length
between the fluorescence profile from each singlet excited dependence was found in LH1 froRsp. rubruniz9 (a Car-
state of Car (extending downward in the diagram) and the less mutant) into which a set of Cars for whioh= 9—13
absorption profile from each singlet state of BChl (extending had been incorporated 4).
upward), irrespective of the symmetries of the electronic RC.No direct singlet-energy transfer takes place from the
states or the energy-transfer mechanism (through the transi-RC-bound 1%is Cars to special-pair BChis (PJ1) because
tion dipole-transition dipole, electron exchange, or more the long axis of the bent 1&is Car and the macrocycle plane
generally Coulombic interaction). Therefore, the relative of P are almost perpendicular to each oth#?) (and the
heights of each pair of singlet states of Car and BChl show former is located far from the latter, although very efficient
that the 1B"-to-Q, energy-transfer pathway should be open singlet-energy transfer via the accessory BChl (B) has been

for all of the Cars f = 9—13). However, the 1B-to-Q reported $2). However, the most important role of Car in
and 2A,-to-Q, singlet energy-transfer pathways should be the RC is the dissipation of triplet energy that is transferred
open in Carsr{ =9 and 10), but closed in Cara & 11— from the triplet-state special-pair BChls via B3j. Actually,

13), because, on going from= 10 ton = 11, the 1B~ (v the relevant pigments are nicely arranged to facilitate the

= 0) state of Car becomes lower than thgstate of BChl triplet-energy transfer in the P B — Car order (see Figure
and the 24~ (v = 0) state of Cars becomes too close to the 5 of ref 54); those pigments are in close contact as shown
Qy state of BChl. Thus, the sudden decrease in the singletby X-ray crystallography (R. J. Cogdell, personal com-
energy-transfer efficiency on going from= 10 ton = 11 munication). It seems that those pigments including P, B,
can be nicely explained by the use of the energy diagram.and Car in the RC are in close contact and nicely arranged
On the other hand, the efficiency of triplet generation to facilitate singlet-energy transfer via the covalent states
increases on going from= 9 ton = 11 (Figure 7). Thus,  (3A4", 2A4~, and 1B") as well as triplet-energy transfer, in

it is rationalized that the shorter chain Cans< 9 and 10) each of which the electron exchange mechanism plays a most
are selected by LH2 for the light-harvesting function. important role. Figure 1 (bottom) also shows theehergies

This discussion concerning the light-harvesting function of BChl a and Cars determined by measurement of phos-
and triplet generation via the }Bstate is in good agreement phorescence from a set of LH2 species that were isolated
with those via the S* state that have been proposed by vanfrom Rba. sphaeroide§1C, Rba. sphaeroide2.4.1, and
Grondelle and co-workers. Gradinaru et dl9)( reported, Rsp. molischianumontaining neurosporena € 9), sphe-
for the first time, the singlet-to-triplet conversion by means roidene ( = 10), and lycopene and rhodopin (batk 11),
of femtosecond time-resolved absorption spectroscopy of respectively§5). The linear relation shows that the @hergy
spirilloxanthin in the membrane fragments and LH1 from is systematically decreased within comparison to that of
Rsp. rubrum They ascribed the conversion to the intramo- BChl; a similar trend is naturally expected for the RC-bound
lecular fission reaction starting from an intermediate singlet 15-cis Cars as well, although the relevant phosphorescence
state, which was named “the S* state”. They inferred that data are still not available. According to this trend and the
the S* state could be the }Bstate reported in spheroidene Englman-Jortner energy-gap laws6), the T, lifetime ()
by Sashima et al.7). Further, Papagiannakis et algj of the RC-bound Car is systematically shortened withs
examined LH2 fromRba. sphaeroideand found that the  shown in Figure 7 (bottom). Actually, the linear dependence
S* state was actively involved in the Car-to-BChl singlet- of In 7 as a function of 1/( + 1) shows that the triplet-
energy transfer in competition with the above-mentioned energy dissipation by 1B8is-spirilloxanthin f = 13) is
fission reaction to generate the triplet state. approximately 2.7 times more efficient than that bycis-

The twisting of the Car-conjugated chain may play an neurosporenen( = 9) (47), a fact which indicates the
important role in triplet generation and, as a result, affect advantage of the longest chain Car for triplet-energy dis-
the Car-to-BChl singlet-energy transfer: Papagiannakis etsipation. Thus, it is rationalized that the &is-Car having
al. (49) showed that spirilloxanthin that was incorporated the longest conjugated chain is selected by the RC for the
into the B850 complex fronikba. sphaeroidesxhibited a photoprotective function.
triplet yield similar to that of spheroidene<3.0%), although
spirilloxanthin in native LH1 exhibited a much higher yield CONCLUSION

of 25—30%. On the other hand, Hayashi et &l0) showed In this investigation, we have found the following selective
that the distortion of the Car-conjugated chain can be probedbinding of Cars to LH2 and the RC in a real living
by the use of the 965 cmh Raman line (the €H out-of- photosynthetic bacteriuniei. gelatinosushaving both the

plane wagging mode) and that the distortion could be spheroidene and spirilloxanthin pathways of carotenogenesis.
correlated with a decrease in the efficiency of Car-to-BChl (i) Shorter chain Cars are selectively bound to LH2 whereas
singlet-energy transfer. By using this method, they showed longer-chain Cars to the RC. (ii) OH-Cars having a shorter

that the incorporation of spheroidene into the “LH” complex conjugated chain are selectively bound to LH2.

from Chromatiunmwinosumgave rise to the particular Raman The mechanism of selective binding has been explained
line and a reduced energy-transfer efficiency in contrast to in terms of the structures of the Car binding sites. The



7312 Biochemistry, Vol. 46, No. 24, 2007

binding site in LH2 is normal to the membrane, is shifted
toward the membrane surface, and may be limited in the
conjugation length of Car accommodated, whereas the
binding site in the RC is parallel to the membrane, extruding
into the lipid bilayer and having no limitation on Car
conjugation length.

The reason for the selection of the conjugation lengths 11

has been rationalized in terms of the excited-state properties
and the physiological functions of Cars. The Car-to-BChl
singlet-energy transfer is more efficient in shorter chain Cars,
whereas the generation and decay of thestate are more
efficient in longer chain Cars. In other words, shorter chain
Cars are more advantageous for the light-harvesting function,
whereas longer chain Cars are more advantageous for the®
photoprotective function. Those excited-state properties
originate from the conjugation length dependence of the
singlet and triplet energy levels.

Combining the natural selection of the Car configurations
and the natural selection of the Car conjugation length, we
now propose the following structural selection of Cars by
pigment-protein complexes; alransshorter chain Cars are
selected by LH2 for the light-harvesting function, whereas 44
15<is longest chain Cars are selected by the RC for the
photoprotective function.
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SUPPORTING INFORMATION AVAILABLE

Details of carotenoid compositions in chromatophores,
LH2, and the RC fromRui. gelatinosus(Table S1). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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