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The primary charge separation and electron-transfer processes of photosynthesis occur in the reaction center
(RC). Isolated RCs of the green filamentous anoxygenic phototrophic bact@ionoflexus aurantiacus

were studied at room temperature by using femtosecond transient absorption spectroscopy with selective
excitation. Upon excitation in the yQabsorbance band of the bacteriochlorophyll (BChl) dimer (P) at

865 nm, a 7.0+ 0.5 ps kinetic component was observed in the 538 nm regiopn fend of the
bacteriopheophytin (BPheo)), 750 nm region (¢and of the BPheo), and 920 nm region (stimulated emission

of the excited-state of P), indicating that this lifetime represents electron transfer from P to BPheo. The same
time constant was also observed upon 740 nm or 800 nm excitation. A longer lifetime:(30(s), which

was assigned to the time of reduction of the primary quinonewas also observed. The transient absorption
spectra and kinetics all indicate that only one electron-transfer branch is involved in primary charge separation
under these excitation conditions. However, the transient absorption changes upon excitation in the Soret
band at 390 nm reveal a more complex set of energy and electron-transfer processes. By comparison to
studies on the RCs of the purple bacteriRimodobacter sphaeroidese discuss the possible mechanism of
electron-transfer pathway dependence on excitation energy and propose a modelbfahentiacusRC

that better explains the observed results.

Introduction shown by early picosecond measurements to be similar to that

Chloroflexus (Cf.) aurantiacuss a thermophilic, green, in purplg bacteria, that is, after primary charge separation, the
filamentous, anoxygenic, photosynthetic bacterium containing €/€ctron is transferred along the A branch to BPheg) (hrectly

. . . i 3,21 i
peripheral antenna complexes unique to green bacteria (chlo-O" Via the accessory BChI (B to Qa.** Although there is a
rosomes) and a membranous photosynthetic architecture similaC!e2", albeit weak, homology in the protein primary sequences

to that found in photosynthetic purple bacté¥aSubstantial of the Cf. ayrantiacusanpl Rb. sphaeroideseaction centers,
evidence has shown that following light absorption, energy is SCMe key differences might be relevant for the mechanism of

transferred sequentially energetically downhill from the chlo- Charge separation and the extent of its directionality: (1) In the

rosomes to the membranous light-harvesting complex (LH Rb. sphqeroideSC, a histidine !s found at position .182 in t.he
B808-866 complex) via the chlorosome baseplate and, finally, M Subunit, but in theCf. aurantiacusRC, a leucine is at this
into the reaction centér® The primary charge separation pos_ltlon,_ and thus, the plgment coord_lnated to this amino acid
processes of photosynthesis occur in the reaction center (RC)residue is almost certainly a BPheo instead of a BChl. (2) A
The RC ofCf. aurantiacusis the smallest RC isolated so far, dlutamic acid at position 104 in the L subunit of thb.
consisting of only two protein subunits, which show homology sphaermdeR(; IS hydrogen-bonded to .the keto-oxygen of rng
to the light (L) and medium (M) subunits of the RC of purple \% o_f_HA, but in Cf. aurantiacus there is a glutamine at this _
bacteria?~12 It contains three bacteriopheophytins (BPheos) and position and, thus, no potential H-bond. The protonated glutamic

three bacteriochlorophylls (BChls), as compared to two BPheos &Cid IS predicted to significantly stabilize the stateHR ", so
and four BChls in the RC of purple bacteria, suchRisdo- that its replacement by glutamine should lead to an increased

bacter (Rb.) sphaeroided14X-ray structural data are available ~€Nergy of this staté? (3) A tyrosine is found at position 210 in
for the RC ofRb. sphaeroidebut not forCf. aurantiacus®16 the M subunit of theRb. sphaeroideRC. It is within van der
The primary sequence of the two protein subufitg spec- Waals distance to P,Band H,. However, a nonpolar leucine

troscopic evidenc&7including Stark spectroscop§iand EPR is located _in the equi_valent position (Df aurantiacus From _
measurementslead to the conclusion that in this RC. two of €lectrostatic calculations and experimental results on site-
the BChls form a dimer (P) and that the pigments are arrangeddirected mutants dRb. sphaeroideshis change is expected to
on two branches analogous to the RC of purple bacteria. affect the energy of 85—, which is the deciding factor for

The overall initial photochemistry iGf. aurantiacushas been  the mechanism of primary charge separaffot?. _
The factors controlling the branching of charge separation
TPart of the “Sheng Hsien Lin Festschrift". are not fully understood. Previously, extensive spectroscopic
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(P*) to the photoactive BPheo within several picoseconds in spectra are normalized at 865 nm, which is the ground state
the RCs of purple bacteria a@f. aurantiacus'26-2” Recently, absorbance peak of the special pair, P. The most conspicuous
it has been shown that the B-branch electron transfer can befeature of the spectrum @&f. aurantiacusRC is the reduced
realized by varying either the energetics of the cofactors or BChl band at~813 nm and the increased absorption of BPheo
energy of excitation photor#.3! Of the numerou&b. sphaeroi-  near 760 nm, as compared to that fr&h. sphaeroidesThese
desmutants in which electron transfer has been forced to occur features reveal the different pigment contents and interactions
along the B-branch, the H(M182)L mutant is particularly in the two RCs. On the basis of spectral and pigment extraction
interesting, since this changes tfRb. sphaeroidegprotein analysist®4it has been concluded that the RC®f. auran-
sequence and pigment composition closer to thatCéf  tiacus contains three BChls and three BPheos and that the
aurantiacus™ In this mutant, called thg-mutant, the histidine 813 nm absorption band is primarily derived from the single
at M182 was replaced by leucine, resulting in the replacement ,onomeric BChl. However, the structural location of this
of BChl at the B position by a BPheagg). An electron-transfer 1 qnomeric BCh s still uncertain. In previous studies, on the
yield of 35% was obsgrved from P ¢g without further transfer basis of comparisons of the primary sequences of the two
t Hp. The Ci. aurantiacusRC has the same cofactor content subunits of theCf. aurantiacusRC to that of theRb. sphaeroides

as ttr;qe¢-ErsnEtant.hHﬁwev§r, no %Iectrorclj tran?fer tI(t) _thethBtheo RC, it was found that the histidine bound to theg $te on the
on thé B-branch has been observed so far. It 1S hereforé g 1, ooy in therb. sphaeroideRC is leucine in theCf.

Interesting to compare the (_alectron-tra_nsfer processes W'thaurantiacusRC, and thus, it has been sugge8tédthat the
390 nm excitation to that obtained after direct excitation of the single monomeric BChI is between P and BPheo on the A
lower-energy transitions of the BChl in theiry@ransitions. . 8

gy v branch so that the “extra” BPheo is at thg Bite on the B

Comparison of the bacterial reaction center to other photo- ; . .
synthetic reaction centers reveals that structural symmetry isbranch. However, this assignment of subunits of RQCin

common to all these systems and has probably been maintaine&‘”lr)am,'""Cu]':_:‘deen,OIS ohr! tr:lehcorlwentlonal Ia;]belmbg of nar|7|1eds ?]f
for billions of years®? It is the goal of the current study to test SuPunits of RCs in which the longer one has been called the

the universality of the energetics and mechanism of primary M(edium) subunit and the shorter one has been called the L(ight)
charge separation in bacterial RCs. We have conducted a studypubunit? However, inCf. aurantiacusthe amino acid sequence
on the energy and electron-transfer dynamics in the reaction©f Subunit M is 306 amino acids and subunit L is 311 amino
center ofCf. aurantiacusas compared with the RC of the purple acids. Thus, the original labeling of subunitsGff aurantiacus
bacteriumRb. sphaeroidesOur results reveal that a similar ~RC may be misleading and perhaps should be revised. We have
electron-transfer process upon blue light excitation exists in both realigned the sequences (Figure 1B). A phylogenetic tree
bacteria. We also discuss how specific interactions among (Figure 1C) also suggests that the two subunits of @fie
cofactors might influence the pathway of charge separation on aurantiacus RC are distantly related to that of the purple
the basis of the structural and protein sequence differences. bacteria. This tree shows the standard grouping of L and M
subunits, although th€f. aurantiacussequences are signifi-
Materials and Methods cantly more diverged as compared to all the purple bacterial
sequences. In addition, the topology of the branches of this tree

anaerobically for 3 days in a 15-liter fermentor at®&bat low- is found to vary depending on the precise alignment and tree

light condition (400 Iux) in a modified medium DG as described '€construction routine used (data not shown). This analysis
in ref 13. leaves open the possibility that the binding amino acid for the

Purification of RC of Chloroflexus Reaction centers were ~ Bs Site might be a histidine and that for the Bite, it mightbe
prepared by a modification of the procedure described in ref @ leucine. Therefore, we suggest that the A branch may contain
17. Briefly, the cytoplasmic membranes obtained according to tWo BPheos and the single monomeric BChl is located at the
the method in ref 34 were solubilized with 2% LDAO. After Bs position on the B branch. In addition, the previous assign-
u|tracentrifugation’ the supernatant was loaded onto a Q- ment of theCf. aurantiacusRC cofactors would Imply that the
Sepharose HP column, and the RC fraction was eluted using aabsorption spectrum @f. aurantiacusRC should have features
step NaCl gradient. Gel filtration on an S-200 column and anion Similar to that of thegs mutant of theRb. sphaeroideRC,
exchange on a BioRad UNO Q1 column were used for further which has the same pigment content and configurafidts.
purification, concentration, and detergent exchange. the ¢g mutant, the B is replaced by a BPheo, and the longer

Time-Resolved Spectroscopy MeasurementSemtosecond  wavelength wing of the BChl band around 805 nm is missing
transient absorption spectroscopy at room temperature wasfrom the absorption spectrum. But in tk¥. aurantiacusRC,
performed using a pumgprobe setup, and the data were the peak of the BChl band is still located at 813 nm. The shorter
analyzed as described previoudhy® Laser pulses of 150 fs  wavelength absorbance has been assigned tal the longer
duration and 5 nm spectral bandwidth in the @nge at 740, wavelength absorbance, tg 1 the purple bacteria RE. If
800, and 865 nm and the Soret band at 390 nm were usedthis is the case in th€f. aurantiacusRC, then the replacement
Absorption changes were measured between 460 and 1080 nntould occur in the B site rather then Bsite. In contrast, the
on three different timescales. Transient spectra were recordedabsorption spectrum of thHef. aurantiacusRC in the @ region
using probe pulses polarized at the magic angle with respect toof BChl and BPheo is more similar to another mutant where
the excitation pulses. The excitation pul_se intensity was adjus_tedthe histidine ligand of B is replaced by a leucin®. Taken
such that fewer than 15% of the reaction centers were eXC'tedtogether, these data suggest that the monomeric BChl may be
per pulse. This corresponded to an approximate pulse energyocated on the B-branch in thef. aurantiacusRC. However,
of 3—5 uJ in a -2 mm diameter spot size. since no structural data of ti@f. aurantiacusRC are available
to date, this proposal must remain only as a possibility. In this
report, we investigated the electron-transfer processes generated

The ground state absorption spectraGff aurantiacusand using different excitation wavelengths by considering both
Rb. sphaeroidefRCs are compared in Figure 1A. The two possible locations of this monomeric BChl.

Cell Growth. Cf. aurantiacusstrain J-10-f1 was cultivated

Results and Discussion
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Figure 1. (A) Absorption spectra o€f. aurantiacug(solid line) andRb. sphaeroidegdashed line) bacterial reaction centers, normalized at 865
nm. (B) Partial multiple sequence alignment of the subunits of the R&3. @furantiacusRb. sphaeroidesandRhodopseudomonasidis. Functionally
important residues are identified. (C) Schematic phylogenetic tree of L and M subunits of REsofantiacusand purple bacteriRb. sphaeroides
and Rhodopseudomonadridis.

Time-resolved absorption difference spectra of @fe au- to be 7.0+ 0.5 ps, consistent with the results from previous
rantiacusRC at different delay times in the near-infrared region studies?>3” As shown in Figure 2A, upon direct excitation of P
are shown in Figure 2A and B. Absorption changes in this at 865 nm, there is a broad absorbance decrease centered at
wavelength region are due to the ground-state bleaching of P865 nm that becomes gradually larger toward the red wing of
together with the stimulated emission of P* between 870 and the spectra. Following the decay of P*, the true shape of the
1000 nm. The stimulated emission disappears as P* decays tdleaching of the absorption band of the dimer is revealed in
form the charge-separated state, presumably.P. The time the two longer time spectra shown in Figure 2B. The intermedi-
constant for the formation of primary charge separation is found ate time spectra show data acquired at a delay corresponding
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Figure 2. Transient absorption difference spectra of @feaurantiacusRC under two excitation conditions. Upon excitation with the low-energy

photons at 865 nm, the spectra are illustrated in the infrared region at early time (A) and later time (B) and in the visible region at early time (C)
and later time (D), respectively. Upon excitation with the high-energy photons at 390 nm, the corresponding spectra are shown in theHpanels E

to several P* lifetimes and can be assigned to the staite\P of electron transfer in th€f. aurantiacusRC are longer than
on the basis of data in other regions. Similarly, the spectrum at that in theRb. sphaeroideRC 21?7 This could reflect either a
700 ps dominated by the staté@,~ formed from the PHA~ greater distance between P ang &hd between Jand Q or

state with a time constant of 300 ps. The deduced time constantsa difference in the energetics for this step in the two types of
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Figure 3. Kinetics of absorbance change at 755 and 807 nm iilCthaurantiacusRC upon excitation at 865 nm (dashed lines) and 390 nm (solid
lines). The smooth lines are the theoretical curves obtained from three-exponential global fitting.

reaction centers, especially if two BPheos are in the A-branch bleaching followed by a picosecond recovery and a further
involved in this electron-transfer process. Excitation of B at increase in the bleachings, suggesting the photoactivity of both
800 nm or H at 740 nm resulted in similar time constants for BChl and BPheos immediately followed by the blue light at

electron-transfer kinetics (data not shown). 390 nm excitation. The prompt bleaching at 530 nm and

The P* spectrum is also characterized by bleaching of the absorbance increase near 620 nm suggest a rapid formation of
Qx band of P at 600 nm superimposed on a featureless positivethe charge-separated state involving BPheos other than H
transient absorption (Figure 2C, D). As P* decays, a bleaching Assignment of this state as a charge-separated state involving
band centered near 538 nm in thg Rand of H, develops due B* is supported by the fact that excited singlet states of B are
to the formation of PHA~. The spectrum at 50 ps is dominated known to decay on a time scale of hundreds of femtoseconds
by a broad band having a maximum near 665 nm, characteristicdue to energy transfer to neighboring cofactors. Because the
of the Ha anion in the state fHa~. The time evolution across initial bleaching of H is centered at 530 nm and the correspond-
the entire 508-770 nm region can be fit with two exponentials  ing absorption increase is around 620 nm, the comparison with
with lifetimes of 7 and 300 ps, plus a constant. The spectra at the spectral characteristics of tR&. sphaeroideRC*! suggests
15 and 50 ps are characteristic of H~ and include H that this initial charge-separated state formed is likely to be
bleaching near 538 nm and P bleaching near 600 nm. After Be*Hs™. Interestingly, the spectral signatures of the-B state
700 ps, the bleaching of thex®and of H, has decayed as a  persist for more than 700 ps (Figure 2H) whereas the same state
result of the electron-transfer processHR~ — P Qa. in the Rb. sphaeroide®C lasts less than 10 ps. The spectral

Figure 2E and F shows a series of room temperature transiengdifferences in the @ region between 865 nm excitation and
absorbance change spectra in thet@nsition region obtained 390 nm.ex0|tat|on remain on the nanosecond time scale, and
by excitation of theCf. aurantiacusRCs at 390 nm. With  the profile resembles that of the difference spectrum obtained
390 nm excitation, a significant amount of initial bleaching of with 390 nm excitation under the condmon_that P |S_0X|d|zed
the ground-state Qabsorbance transition of BChl (813 nm) (data not shown). In that case, the only possible long-lived states
and BPheos (below 760 nm) is formed, and the bleaching are BChI*/BPheo* and B'Hs".
persists for at least 2 ps (Figure 2E). No significant P band It is also worth mentioning that in th€f. aurantiacusRC,
bleaching is observed until 1 ps after excitation and is followed the absorbance changes in the BChl monomer region between
by a further development between 1 and 6 ps, suggesting that780 and 820 nm show significant differences from that observed
P is not directly excited by 390 nm excitation. The correspond- in the Rb. sphaeroideRC 26:38 The absorption changes in this
ing initial absorption changes of the monomeric BChl and region are thought to be the electrochromic shift of the
BPheos are also shown in the,@egion at 600 and 530 nm, monomeric BChl absorption band at 802 nm due to the
respectively (Figure 2G). The BPheos band was centered atformation of PH,™ in the Rb. sphaeroideRC 2739 The spectral
530 nm at 0.4 ps and shifted to 538 nm at later times. A broad signatures of the electrochromic shift are a broad positive band
absorbance increase around 620 nm also appears at early timeat 785 nm and a narrow negative band at 810 nm. In contrast,
and little or no absorbance increase near 660 nm, normally in the Cf. aurantiacusRC, the BChl absorption is centered at
associated with K. The above data suggest that 390 nm 813 nm (Figure 1A), and the corresponding absorption changes
excitation generates a more complex state, probably a mix of show positive and negative bands at 795 and 813 nm,
excited states of BChl and BPheos and charge-separated state®spectively. The 795 nm band of ti@f. aurantiacusRC is
involving BChl and BPheos. At longer times (Figure 2H), the much narrower than that of the 785 nm band of fRb.
spectra are more similar under the two excitation conditions sphaeroideRC, and the 813 nm band is at exactly the same
and indicate that the final state i$®a~. Kinetic traces at 755  position as the ground state absorption. One possible reason is
and 807 nm upon 390 nm excitation are compared with thosethat in the Rb. sphaeroidesRC, both monomeric BChls
with 865 nm excitation in Figure 3. The striking differences at contribute to the absorption changes in this region due to the
both wavelengths are the early time bleachings when excited oxidation of P. A smaller electrochromic shift is expected in
at 390 nm, instead of an excited-state absorption increase wherthe Cf. aurantiacusRC because there is only one monomeric
excited at 865 nm. Kinetic traces at 755 (BPheos band, Figure BChl. Another possibility is that the smaller shift of the 813
3A) and 807 nm (BChl band, Figure 3B) show a prompt nm band is due to the fact that the monomeric BChl inGlie
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A P B

=P

A would be P¢g~ or P*Hg™, whichever has the BPheo
bleaching at 538 nm. In addition, this state exhibits a long-
lived 755 nm bleaching (the BPheoyfhat is much stronger
than that formed in other states involving BPheo, likely due to
the narrow and relatively small absorption increase in the-780
800 nm region. In model B, the monomeric BChl is placed in
the B-branch (denotedd}. In this case, the electron transfer
from P to Hy would have to pas#a, a BPheo at B position
instead of BChl. The possible weaker electronic coupling
between P an@a could explain the slower electron-transfer

= : X rate of 7 ps, as compared with 3 ps in Rb. sphaeroideRC.

/ -_‘\\ / '\\ A similar electron transfer from P tpg was also observed in
Bpheos® \ By'/BytH, . \ Bpheos* the H(M182)L mutant, resulting in a 35% vyield of electron
- F— e w— transfer to the B-branc¥.The 390 nm excitation will generate

\ \ | | various excited or charge-separated states. In addition to the

= 3 . II' L34 states listed in model A, a fast formation o B4~ becomes
N — ' \\ P possible, as previously observed in fRb. sphaeroideRC 3!
\, PH,; i’ —E: PH, Because the spectral changes at later times still show the
— characteristics of BPheo bleachings at 538 and 755 nm, it is

reasonable to suggest that thg'Blg~ state evolves to a more
stable state FHg™ at later times.

Although it still needs to be verified which model is more
realistic by structural data, the observed results clearly show
the differences of the electron-transfer processes generated by
different excitation in theCf. aurantiacusRC andRb. sphaeroi-

Ground state Ground state desRC, suggesting a different electron coupling among cofactors
Figure 4. Two models of pigment arrangement and electron-transfer in the RCs probably due to the different pigment arrangement

pathways upon different excitations in ti@. aurantiacusRC. The on the two branches in addition to the different pigment contents.
thick red arrows indicate the photon absorption for 865 nm excitation,

and the thin red arrows indicate subsequent electron-transfer processes;
the blue arrows have the same meaning but for 390 nm excitation.
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