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’ INTRODUCTION

Nature’s photosynthetic apparatus offers at least three different
model examples for solar energy conversion that can inspire
humanity to develop artificial light-driven energy converters for
future energy production and storage: (i) catalytic splitting of water
in oxygenic photosynthetic organisms, (ii) generation of proton-
electrochemical gradient in both oxygenic and anoxygenic systems,
and (iii) creation of long-lived, energetic charge-separated states in
many photosynthetic enzymes. Both water splitting and the
formation of a transmembrane proton gradient require the co-
operation of at least two membrane-bound enzymes and the
accumulation of multiple electron equivalents.1,2 Generation of a
long-lived charge-separated state, on the other hand, can be
achieved by a single enzyme with the transfer of only one electron.
The reaction center (RC) from purple photosynthetic bacteria has
been used widely as a structural and functional model for examin-
ing the general principles of biological electron transfer for
decades.3 It has also played an important role in the design and
construction of artificial photosynthetic complexes.4,5 The RC
from Rhodobacter sphaeroides has three polypeptides, L, M, and
H, of which the L and M subunits bind two branches (A and B) of
cofactors arranged in a pseudo-2-fold symmetry that runs perpen-
dicular to the plane of the membrane.6 Despite this symmetry,
electron transfer takes place only along the A-branch. The wild-
type (WT) RC also incorporates a tightly bound carotenoid
molecule in the close vicinity of the inactive bacteriochlorophyll
monomer (BB) that is responsible for photoprotection of the RC

(Figure 1). This binding site was successfully reconstituted earlier
with various carotenoids, and as demonstrated in Figure 1, deter-
gent molecules, such as N-lauryl-N,N-dimethylamine N-oxide
(LDAO) or octyl β-glucoside (BOG) were also reported to bind
to this site in the carotenoid-less mutant, R-26.7�9 Light initiates a
transfer of an electron from a dimer of two bacteriochlorophyll
molecules (P), via one of themonomeric bacteriochlorophyll (BA)
and bacteriopheophytin (HA) to the primary quinone (QA) and if
available to the secondary quinone (QB), leading to a charge
separation across the photosynthetic membrane.2 The lifetimes of
the single flash-induced P+QA

� and P+QB
� charge-separated

states, in agreement with the Marcus theory, were found as 0.1
and 1 s, respectively.3,10 While this range of lifetimes is sufficiently
long enough to allow the utilization of the stored energy by the
organism, it is too short to be considered useful for man-made
energy storage. It has been shown for various processes that the
observed rate can substantially be altered if the electron transfer is
coupled to and limited by another process, such as proton transfer
or conformational change.11�13 In a recent series of work,14�16 we
have demonstrated that the lifetime of the P+QA

� charge pair can
be increased from 100 ms to 16 min by the combination of
systematic alteration of the environment of the charges and light-
induced structural changes near P in RCs from both Rba.
sphaeroides and Rhodobacter capsulatus. In the present study we
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ABSTRACT: Lipid binding to the carotenoid binding site near the inactive bacterio-
chlorophyll monomer was probed in the reaction centers of carotenoid-less mutant,
R-26 from Rhodobacter sphaeroides. Recently, a marked light-induced change of the
local dielectric constant in the vicinity of the inactive bacteriochlorophyll monomer
was reported in wild type that was attributed to structural changes that ultimately
lengthened the lifetime of the charge-separated state by 3 orders of magnitude
(Deshmukh, S. S.; Williams, J. C.; Allen, J. P.; Kalman, L. Biochemistry 2011, 50,
340). Here in the R-26 reaction centers, the combination of light-induced structural
changes and lipid binding resulted in a 5 orders of magnitude increase in the lifetime of
the charge-separated state involving the oxidized dimer and the reduced primary
quinone in proteoliposomes. Only saturated phospholipids with fatty acid chains of 12
and 14 carbon atoms long were bound successfully at 8 �C by cooling the reaction
center protein slowly from room temperature. In addition to reporting a dramatic
increase of the lifetime of the charge-separated state at physiologically relevant temperatures, this study reveals a novel lipid binding
site in photosynthetic reaction center. These results shed light on a new potential application of the reaction center in energy storage
as a light-driven biocapacitor since the charges separated by∼30 Å in a low-dielectric medium can be prevented from recombination
for hours.



16310 dx.doi.org/10.1021/ja207750z |J. Am. Chem. Soc. 2011, 133, 16309–16316

Journal of the American Chemical Society ARTICLE

combine lipid binding to the carotenoid binding site near BB and
replacement of the detergent micelles with liposomes to increase
the lifetime of the P+QA

� state even further to hours in the R-26
strain. Although the RC is arguably the most studied integral
membrane protein, very little is known about how individual lipid
molecules influence the function of the protein. Recent high-
resolution X-ray structures identified three integral lipid molecules,
but a definite functional role could not be assigned to them
unambiguously.17,18These lipidsweremodeled in earlier structures
as detergent molecules. Even less is known about the functional
role of BB in the carotenoid-less R-26 as it was removed successfully
by a sodium borohydrate treatment without altering the rapid
electron-transfer rates, such as charge separation, cytochrome
oxidation, and charge recombination.19 In this work we report
the effects of lipid binding near BB on the light-induced structural
changes, and we discuss the role of BB in the lipid binding and
charge stabilization.

’MATERIALS AND METHODS

Bacterial Growth and RC Isolation. Cells from WT Rba.
sphaeroides were grown both anaerobically under light and
semiaerobically in the dark to incorporate a spheroidene or a
spheroidenone molecule in the carotenoid binding site, respec-
tively. The carotenoid-less mutant, R-26 was also grown under
these conditions. The RCs were isolated and purified by use ofN-
lauryl-N,N-dimethylamine N-oxide (LDAO) according to meth-
ods described earlier.13�15 The purity of the RCs, defined as the
ratio of absorbance at 280 and 802 nm, was below 1.6 for all
preparations. For some experiments the LDAO detergent was
replaced with the neutral detergent Triton X-100 (TX-100) by

ion-exchange chromatography. Due to the repetitive chroma-
tography steps, the secondary quinone activity was only∼10% as
checked by flash-induced absorption changes measured with a
miniaturized laser flash photolysis unit (LFP-112 from Luzchem
Research Co., Ottawa, Ontario, Canada). Routinely 100 μM
terbutryn was used in all preparations to eliminate any secondary
quinone activity. Reconstitution of the RCs to unilamellar
vesicles was performed by the gel-filtration, micelle-to-vesicle
transitionmethod as described in detail in our recent work.16 The
following lipids were used: 1,2-dilauroyl-sn-glycero-3-phospho-
choline (DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).
All lipids were purchased from Avanti Polar Lipids (Alabaster,
AL) and were used without further purification. Addition of the
lipids to detergent-dispersed RCs was performed according to
Nagy et al.20 to maintain both the ∼1000:1 lipid/protein ratio
and the 0.05% TX-100 concentration. All RC purification and
handling steps were done in near darkness to ensure that the
samples remained strictly in the dark-adapted states before the
controlled illuminations during the recording of spectra and
kinetics. All measurements were performed at pH 7.
Optical Spectroscopy. Optical spectra and kinetics of the

absorbance changes induced by continuous illumination were
measured with a Varian Cary 5000 spectrophotometer equipped
with a Peltier cell cooled temperature control unit (Mulgrave,
Victoria, Australia). Illumination was performed according to
methods described recently.14�16 The spectra were recorded at
the maximum∼1800 nm/min scanning rate. Kinetic traces were
analyzed by decomposition into exponentials via the Marquardt
nonlinear least-squares method. All measurements were per-
formed in the 6�30 �C temperature range.

Figure 1. Surface representation of the carotenoid binding site near BB as viewed from the entrance of the cavity that has access to the surrounding.
Negatively charged regions are indicated with red, positively charged ones with blue, and neutral areas with gray. The BB molecule is color-coded by its
atoms: carbon (green), nitrogen (blue), oxygen (red), and the central Mg2+ (magenta). The hydrophobic chains of the bound molecules are indicated
with light blue. The site is shown occupied by a spheroidenone (A), a spheroidene (B), and an LDAO (C), molecule. The empty pocket is also shown
(D). Coordinates were taken from the following PDB entry codes for each panel: (A) 2GMR, (B) 1PCR, (C) 1RG5, and (D) 1OGV.
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’RESULTS

Influence of Added Lipids on Lifetime of the P+QA
� State

after Prolonged Illumination. RCs from anaerobically grown
WT and R-26 strains dispersed in TX-100 detergent micelles were
illuminated in the presence and absence of various lipids, and the
kinetics of absorption changes after prolonged, subsaturating
illumination was monitored at the center of the P-band at
865 nm at pH 7. Figure 2 shows these recovery kinetic traces
recorded at two different temperatures: 22 �C (panel A) and 8 �C
(panel B). The illumination time was selected at both tempera-
tures to meet the following criteria: (i) saturation of the signals in
all samples before the illumination was terminated, (ii) fully
recovering absorption changes at 865 nm, and (iii) maximizing
the lifetime of the charge-separated state. The complex recovery
kinetics after the illumination indicates that long-lived, conforma-
tionally altered forms of the P+QA

� charge pair were formed in
fractions of the RCs besides the unresolved (in the minute scale)
transient changes as reported earlier by many studies.13�16,21�23

At 22 �C, the overall recovery kinetics was faster in the R-26 (trace a)
than in WT (trace e), and the fraction of RCs that underwent
light-induced structural changes was also smaller in R-26 than in
WT. A similar observation was made for semiaerobically grown
WT and R-26 (Figure S1 in Supporting Information). Rate
constants and relative amplitudes for the slower kinetic compo-
nents for the anaerobically grown samples are tabulated in Table
S1 (Supporting Information). In R-26 only the component with
a rate constant of ∼10�2 s�1 was detected, while in WT an
additional, slower component with a rate constant of∼10�3 s�1

was also observed in a small fraction of RCs. These long-lived
kinetic components were identified in our recent studies con-
ducted in RCs from semiaerobically grown WT from Rba.
sphaeroides and Rba. capsulatus as arising from conformational
changes near P.14�16 The chosen lipids all had the same
zwitterionic phosphocholine (PC) headgroup with zero net
charge at the selected pH to avoid electrostatic perturbations
in the RCs. The length of the fatty acid chain and the saturation
level was altered by using dilauroyl (12 carbon atoms long chain
with zero double bonds, C12:0), dimyristoyl (C14:0), and
dioleoyl (C18:1) chains in DLPC, DMPC, and DOPC, respec-
tively. Addition of lipids at 22 �C had only a minor effect on the
kinetics in R-26, except for DMPC, and had practically no effect
at all in WT (Figure 2A). In the presence of DMPC (trace c), a
slight increase of the lifetime was observed. At 8 �C the difference
between the recovery kinetics in R-26 (trace a) and inWT (trace
e) became even more pronounced and the influence of the lipids
altered the lifetime of the charge pair very differently in R-26. The
presence of DOPC (trace b) did not induce any change but both
DMPC (trace c) and DLPC (trace d) increased the lifetime of
the P+QA

� state. The effect was especially pronounced for DLPC
where the recovery kinetics became unexpectedly longer in R-26
than inWTwith rate constants of 7.0� 10�4 s�1 and 1.1� 10�3

s�1 for the slowest components in R-26+DLPC and in WT,
respectively. It must be noted that the pronounced effect of the
saturated lipids were observed only if the samples were cooled
with a slow, 0.2 �C/min rate. Unlike in R-26 the addition of
DLPC did not induce any further change in the lifetimes for WT
regardless of the cooling rate (trace f).
Spectral Signatures Associated with Bound Carotenoid

and Lipid. Room-temperature light-minus-dark optical differ-
ence spectra of dark-adapted RCs from WT and R-26 dispersed
in TX-100 are expected to be similar in the near-infrared

spectral region, as major differences are observed only in the
450�600 nm range due to absorption of the carotenoid inWT.24

Spectra recorded in the presence of terbutryn at pH 7 in RCs
from both strains feature the absorption decrease of the Qy band
of P centered at ∼865 nm; an electrochromic blue shift of the
B-band around 800 nm, due to the interaction between the
positively charged P+ and the accessory bacteriochlorophylls (BA
and BB); and an electrochromic red shift of the H-band due to
interaction between QA

� and the two H molecules.25 Figure 3
shows these absorption changes recorded in anaerobically grown
WT and R-26 (panels A and B) and in R-26 in the presence
of DLPC lipid at 22 �C (panel C) and at 8 �C (panel D).
Comparison of the presented spectra recorded immediately after
the illumination started (solid lines) reveals that the extent of
electrochromic absorption change of the B-band is considerably
larger in WT (panel A), which binds a carotenoid molecule near
BB, than in the carotenoid-less R-26 (panel B). A similar trend
can be observed in RCs from semiaerobically grown cells (Figure
S2, Supporting Information). Although the presence of DLPC at
room temperature did not alter the light-induced spectra of R-26
(panel C) at 8 �C, the extent of electrochromic absorption
change of the B-band has increased significantly (panel D).
Figure 3 also shows the normalized spectra recorded immedi-
ately after the prolonged illumination was turned off (dashed
lines). While the spectra recorded at the beginning of the
illumination are characteristic to dark-adapted RCs those col-
lected after the prolonged illumination can be attributed to RCs
that underwent light-induced structural changes.14 The decrease
of electrochromic absorption change of the B-band during the
prolonged illumination was also much smaller in R-26 than in
WT, as indicated by the double difference spectra (thick solid
lines). The extent of prolonged illumination-induced electro-
chromic absorption changes of the BB band was found recently to
be a sensitive probe of the local electric field and of the light-
induced structural changes near P in RCs from both Rba.

Figure 2. Kinetics of light-induced absorption changes at (A) 22 �C and
(B) 8 �C, measured at the center of the Qy absorption band of P after the
illumination was turned off. The following samples were used: (a) R-26,
(b) R-26 + DOPC, (c) R-26 + DMPC, (d) R-26 + DLPC, (e) WT, and
(f) WT + DLPC. The illumination time was 5 and 20 min for panels A
and B, respectively. The traces were normalized to the maximum
absorbance changes at time = 0 and were shifted vertically for clarity.
Thin solid lines are the best fits to the curves. The results of the fits are
tabulated in Table S1 (Supporting Information). Conditions: 1μMRCs,
15 mM Bis-tris-propane, pH 7.0, 1 mM EDTA, and 0.05% TX-100.
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sphaeroides and Rba. capsulatus.14,16 Corresponding to the smal-
ler light-induced spectral changes in R-26, the amplitude of the
long-lived P+QA

� state in the recovery kinetics recorded at
865 nm was also smaller in the carotenoid-less mutant without
added lipids (see Figure 2A, traces a and e, and Figure S1 and
Table S1 in Supporting Information). In the presence of DLPC
at room temperature, the prolonged illumination-induced de-
crease remained small but at 8 �C this decrease of the electro-
chromic absorption change of the B-band became very large.
Since the peak-to-trough amplitude of the electrochromic

absorption change was sensitive to the presence or absence of
the hydrophobic carotenoid molecule, growth conditions, and
added lipids, this parameter was measured as a function of
temperature in the 6�30 �C range in RCs mostly dispersed in
TX-100. Moreover, this spectral feature was found recently to be
correlated with the local dielectric constant near BB.

14 As shown in
Figure 4, the amplitude of this absorption change was large and
was found, within error, to be independent of the temperature in
both anaerobically and semiaerobically grown WT and in anaero-
bically grown R-26 dispersed in relatively high (1%) concentra-
tions of LDAO. In general, the electrochromic absorption changes
in RCs from semiaerobically grown cells were larger than those
found in RCs from anaerobically grown cells for both WT and
R-26 in TX-100 (see Figure 3 and Figure S2 in Supporting
Information). The presence of added DLPC did not change this
value in WT. LDAO was specifically selected because an LDAO
molecule was reported earlier to occupy the carotenoid binding
site in R-26 for samples dispersed in LDAO detergent micelles
(Figure 1C). In the presence of added DLPC and DMPC, the
extent of electrochromic absorption change showed pronounced
temperature dependence in anaerobically grown R-26. As the
temperature was lowered, the initially small spectral changes in the

24�18 and 20�12 �C temperature ranges increased and then
leveled off at lower temperatures in the presence of DMPC and
DLPC, respectively. Interestingly, with decreasing temperature a
slight increase was also observed in the anaerobically grown R-26
even without added lipids, and DOPC also caused only moderate
temperature dependence. The absorption changes in the presence
of the saturated lipids were sensitive to the cooling rate as
stated above.
Influence of Liposomes on Light-Induced Conformational

Changes. Figure 5 shows the kinetics of recovery of the P+QA
�

charge pair at 22 �C (panel A) and 8 �C (panel B) in RCs from
anaerobically grown WT and R-26 that have been incorporated
into liposomes formed from various lipids with different hydro-
phobic thicknesses and saturation levels. The kinetic traces were
generated by plotting the absorption changes at 868 nm taken
from the spectra recorded at different times during and after the
illumination, as demonstrated for three data points in Figure 5B.
Rate constants and relative amplitudes of the kinetic components
in the recovery kinetics are tabulated in Table S2 (Supporting
Information). At 22 �C, the lifetime of the P+QA

� state in R-26
was found to be 2.5-fold longer in liposomes from DOPC, which
has a long fatty acid chain (C18), than in liposomes from DLPC
with a shorter (C12) chain. When RCs from WT with the
hydrophobic spheroidene molecule near BB were incorporated
into the sameDLPC liposomes, the lifetimewas nearly a factor of 2
longer than in R-26. The relative amplitude of this long-lived
component was also larger inWT than in R-26, in agreement with
the observations made in detergent-dispersed RCs (Figure 2 and
Figure S1 in Supporting Information). This relationship became
radically different at 8 �C, where the lifetimes were extremely long

Figure 4. Temperature dependence of the peak-to-trough amplitude of
the electrochromic absorption changes around 800 nm for RCs isolated
from anaerobically grown cells: (0) WT, (9) WT + DLPC, (O) R-26,
(]) R-26 + DOPC, (+) R-26 + DMPC, (b) R-26 + DLPC, and (2)
R-26 in 1% LDAO. For comparison, the same parameters in WT (!)
and R-26 (x) from semiaerobic growth are also shown. The data were
taken from light-minus-dark difference absorption spectra recorded
immediately after the onset of illumination and normalized to the
maximum of the P band. The error of the measurements is (0.02
absorbance unit. Conditions were as described for Figure 1 except for
(2), where 0.05% TX-100 was replaced with 1% LDAO.

Figure 3. Normalized light-minus-dark difference spectra, recorded
(—) immediately after the onset of the light and (---) 1 min after the
illuminationwas turned off, for RCs isolated from anaerobically grown cells:
(A) WT; (B) R-26; and R-26 + DLPC at (C) 22 �C (C) and (D) 8 �C.
The thick solid lines show the double difference spectra (dashed-minus-
solid) and feature changes around 800 nm consistent with the decrease
of electrochromic absorption changes involving the monomers during
the illumination. Conditions were as described for Figure 2.
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(∼2 h) inDLPC liposomes for bothWT(traceb) andR-26 (trace c),
with rate constants of 1.5 � 10�4 s�1 and 1.3 � 10�4 s�1,
respectively. Moreover, the fraction of the component with this
ultralong lifetime reached 93% in R-26 as compared to 58% inWT.
As seen from the inset in Figure 5B, the electrochromic absorption
changes of the B-band were still observable even after complete
recovery of the P+QA

� charge pair 8 h after the illumination was
turned off (trace c). This very long lifetime, however, could be
achieved only if the RCs were cooled at a slow rate of 0.2 �C/min.
Rapid cooling (4 �C/min rate) of RCs from R-26 in DLPC
liposomes resulted in exactly an order of magnitude faster recovery
with a rate constant of 1.3� 10�3 s�1 and in only 36% of the RCs
(trace c0). The same temperature decrease in DOPC liposomes
caused the lifetime of the charge-separated state to change only by
∼1.4-fold in R-26 RCs. Unlike in DLPC, the cooling rate had no
influence of the recovery kinetics in DOPC liposomes.

’DISCUSSION

The binding of various lipids with different fatty acid chain
lengths and saturation levels to the carotenoid binding site near
BB was probed in RCs from the carotenoid-less R-26mutant both
in micelles and in liposomes. The influence of the added lipids on
the stability of the long-lived P+QA

� charge pair was very
different and temperature-dependent for the saturated lipids,
indicating an important role of the phase behavior of the lipids. In
a recent series of studies, we have presented evidence that light-
induced structural changes near P are responsible for the long
lifetime of the charge-separated state after prolonged illumina-
tion in both Rba. sphaeroides and Rba. capsulatus.14�16 A correla-
tion between the structural changes and several properties,
including significant decrease of the P/P+ potential, electrochro-
mic absorption change of the band of the nearby BBmolecule due
to the change in local dielectric constant, and proton release from

the periplasmic side, was established. In this work, these studies
on carotenoid-containing RCs have been extended to the RCs
from the carotenoid-less R-26 strain, which shows pronounced
spectral and kinetic differences in comparison with WT in the
presence and absence of lipids. The results suggest a tempera-
ture-dependent binding of DLPC and DMPC lipids to R-26 but
not to WT RCs.
Dependence of Binding on Phase Behavior of the Lipid.

Comparison of the recovery kinetics of WT and R-26 RCs
dispersed in detergent micelles suggests that the presence of
the bound carotenoidmolecule inWT provides a larger degree of
stabilization than the empty binding site in R-26 for the P+QA

�

charge pair in the light-adapted conformation (Figure 2 and
Figure S1 in Supporting Information). Of the three lipids used in
this study, addition of DMPC to R-26 RCs increased the lifetime
of the charge-separated state at both 22 and 8 �C; DLPC had the
greatest influence but only at 8 �C; and DOPC did not provide
any stabilization at either temperature (Figure 2). As none of
the lipids induced any change in either the spectra or kinetics in
WT, our results are consistent with binding of the lipids to the
carotenoid binding site in their ordered but not in their dis-
ordered phase. In the liquid crystalline phase the acyl chains are
disordered, requiring more space than in the ordered phase,
where the chains become parallel and fully extended. The phase
transition temperature of pure DMPC determined by light
scattering measurements was reported as 24.7 �C, and he
presence of the RC with a 4000:1 lipid:RC ratio in liposomes
caused it to shift to 27 ( 2 �C.26,27 The same parameters for
DLPC are 0 and 11( 3 �C, respectively.27 In the presence of the
RC protein, the phase transition curves of these lipids were also
reported to be broadened by 2.5�4 �C compared to the phase
transition behavior of pure lipids. Due to these factors, the
complete phase transition in the presence of the RC protein
was reported to occur at ∼28�25 �C and at ∼17�7 �C for
DMPC and DLPC, respectively.26 These reported ranges are in
reasonable agreement with the temperature dependences of the
electrochromic absorption changes of the B-bands that exhibited
a pronounced increase in the ∼24�18 �C range for DMPC and
∼20�10 �C range for DLPC in mixed micelles (Figure 4).
Besides the two main phases an intermediate phase, the ripple
phase, was also observed in various saturated phospholipids upon
phase transition.28,29 The structure of the ripple phase for DLPC
was found to be heavily dependent upon the cooling rate.30 Slow
cooling with rates between 0.1 and 1 �C/min favored the
formation of a long ripple phase with higher degree of hydration
than the short ripple phase obtained with rapid cooling. The
lateral diffusion coefficients were reported to be dependent upon
the hydration level with nearly 2 orders of magnitude slower
values in the gel phase than in the liquid-crystalline phase.31 The
faster diffusion reported earlier inDLPC than inDMPC supports
the longer lifetime caused by the presence of DLPC in this study
(Figure 2).32 The absence of any influence of DOPC on the
recovery kinetics in the detergent-solubilized RCs is consistent
with the lack of binding of this lipid, as the phase transition
temperature of DOPC (�20 �C) is well below the investigated
temperature range. The lack of DOPC binding is also supported
by the same temperature dependence of the electrochromic
absorption change in the presence and absence of DOPC in
R-26 (Figure 4). Moreover, the carotenoid binding site was
modeled empty in the crystal structure of R-26 determined from
the lipidic cubic phase where the membrane around the RCs was
composed of lipids with monooleyl (C18:1) chains, similar to

Figure 5. Kinetics of the light-induced absorption changes at (A) 22 �C
and (B) 8 �C,measured at the center of theQy absorption band of P after
the illuminationwas turned off in RCs reconstituted into liposomes from
various lipids. The following samples were used: (a,]) R-26 in DOPC,
(b,9)WT inDLPC, (c,O,b) R-26 inDLPC, and (c0,O) R-26 inDLPC
with rapid cooling. The traces were normalized to the maximum
absorption changes at time = 0 and were shifted vertically for clarity.
Thin solid lines are the best fits to the curves. The results of the fits are
tabulated in Table S2 (Supporting Information). Conditions:∼1.5 μM
RCs, 15 mM phosphate (mono- and disodium) buffer, pH 7, 15 mM
KCl, 100 μM terbutryn.
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that found in DOPC (Figure 1D).33 In R-26 at 8 �C in DLPC
liposomes, the lifetime of the longest-lived charge-separated state
was more than 5-fold longer than in TX-100 micelles mixed with
DLPC (Figures 2 and 5; Tables S1 and S2, Supporting In-
formation). Additionally, the amplitude of the longest-lived
component rose from 60% in detergent to 93% in liposomes.
Thus, it is obvious that binding of DLPC to the carotenoid
binding site alone cannot account for the very long lifetime of the
charge-separated state measured at 8 �C in DLPC liposomes. It
has been shown recently that the lifetime of the P+QA

� state at
room temperature in the light-induced conformation could be
increased by 2-fold if the RCs from Rba. capsulatus were
incorporated into DOPC liposomes, where the lipid bilayer
thickness was matched by the hydrophobic thickness of the
RC, but not in DLPC liposomes, with shorter than desired
bilayer thickness.16 As at 22 �C, neither DOPC nor DLPC is
expected to bind to the carotenoid binding site; the nearly 2.5-
fold longer lifetime in DOPC liposomes for R-26 is consistent
with this earlier finding (Figure 5A and Table S2, Supporting
Information). A similar 2-fold difference in the rate constants
could still be observed at 8 �C if the DLPC liposomes were
cooled rapidly, suggesting that rapid cooling in DLPC liposomes
prevents the binding of the lipid due to the dramatically de-
creased diffusion rate of the lipid as discussed above (Figure 5B).
In the gel phase the thickness of the DLPC bilayer was reported
to be 27.0 Å, as opposed to 19.5 Å in the liquid crystalline phase,
indicating that at 8 �C the DLPC bilayer may provide a reason-
able hydrophobic thickness for the transmembrane α-helices of
the RCs with a thickness of ∼30 Å.34,35

Carotenoid Binding Pocket.The bound carotenoid in WT is
located ∼11 Å from P, and it is in van der Waals contact with
BB.

36 Its closeness to both BB and P justifies the pronounced
differences in both kinetics (Figure 2 and Figure S1 in Supporting
Information) and spectra (Figure 3 and Figure S2 in Supporting
Information) between WT and R-26. BB also has the single
largest surface area contribution in the binding pocket.7 Besides
BB, the pocket is composed of 29 mostly hydrophobic amino
acids. Both the natural and the reconstituted carotenoids bind to
the same position, adopting the 15�150-cis configuration. The
carotenoids used for reconstitution, however, were in all-trans
isomeric configuration upon addition, indicating that the iso-
merization must take place upon binding.7 The molecules to be
bound to the pocket should enter only from the entrance shown
in Figure 1 with tail-in-first orientation since the other end was
reported to be blocked by Phe M162, which serves as a
gatekeeper.7 The binding pocket is quite flexible, as significant
differences in the tunnel shape and diameter were reported in the
presence and absence of the carotenoid.7 The much shorter
LDAOmolecule, with its chain length of 12 carbons, was reported
to occupy the central portion of the pocket only 3.6 Å away from
the acetyl group of BB.
Orientation of the Acetyl Group of BB. A correlation

between the orientation of the 2-acetyl group of BB and the
extent of the electrochromic absorption changes can be estab-
lished by comparing structural details with our results presented
in Figure 4. Structural studies based on X-ray crystallography
modeled the orientation of the acetyl group of BB differently,
depending on the occupation of the carotenoid binding site
(Figure 1, Table 1). In all cases the acetyl group was assumed to
be more or less in the plane of the tetrapyrrole macrocycle and
thus, part of the conjugation. This is in agreement with earlier
spectroscopic studies and our present results that detected no

significant blue shift in the absorption band of BB in the absolute
optical spectra (Figure 3 and Figure S2 in Supporting In-
formation). When the site was occupied with a spheroidenone
molecule in RCs from semiaerobically grown WT (Figure 1A),
the oxygen atom of the acetyl group was modeled facing
inward.37�40 If, however, the site was occupied with spheroidene
in WT (Figure 1 B) from anaerobic growth, the oxygen of the
acetyl group was modeled facing outward.35,41,42 Corresponding
to these orientations, the electrochromic absorption changes in
the semiaerobically grown WT were significantly larger than in
WT from anaerobically grown cells. In both cases these changes
were temperature-independent, suggesting that the rotation of
the acetyl group is not favored if a carotenoid molecule occupies
the binding site (Figure 4 and Figure S2 in Supporting In-
formation). It must be noted that the inward orientation was
proposed in all cases when the binding site was reconstituted in
the carotenoid-less R-26 mutant with spheroidene or 3,4-dihy-
drospheroidene or when an LDAO molecule (Figure 1 C,
Table 1) was modeled to occupy this site.7 In contrast, the
opposite orientation was found when the binding site was empty
(Figure 1D) in R-26 when the crystals were grown from a lipidic
cubic phase.33 The different levels measured for electrochromic
absorption changes in TX-100 and in the presence of 1% LDAO
for R-26 are consistent with the proposed rotation of the acetyl
group from “out” to “in” upon binding of LDAO. Our results in
LDAO also suggest that the acetyl group should be oriented
inward in the semiaerobically grown R-26. Since the electro-
chromic absorption changes are inversely proportional to the
local dielectric constant around the interacting P and BB mol-
ecules, these changes in WT are expected to be larger than in
R-26 due to the presence of a hydrophobic carotenoid molecule
in the immediate vicinity of BB in WT (Figure 3 and Figure S2 in
Supporting Information). Our results also support the rotation of
the acetyl group from the “out” to the “in” orientation in the

Table 1. List of PDB Codes for Representative Structures
That Show Orientation of the Acetyl Group of BB Depending
on the Molecule Occupying the Carotenoid Binding Site

bound molecule near BB θa PDB code ref

WT

spheroidenone in 2GMR 37

spheroidenone in 2BOZ 38

spheroidenone in 1UMX 39

spheroidenone in 1K6L 40

spheroidenone in 3DSY unpublished

spheroidene out 1RVJ 43

spheroidene out 1PCR 41

spheroidene out 1YST 35

spheroidene out 1KBY 18

spheroidene out 2J8C, 2UWS 42

R-26

3,4-dihydrospheroidene in 1RQK 7

spheroidene in 1RGN 7

LDAO in 2HG3, 2HG9 8

LDAO in 1RG5 7

none out 1OGV 33
a θ is the orientation of oxygen atom of the acetyl group of BB viewed
from the entrance of the binding pocket.
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20�15 �C range as the temperature is lowered in the anaerobi-
cally grown R-26 (Figure 4). This rotation appears to be required
for the binding of a lipid molecule, as in the presence of DLPC
and DMPC the electrochromic absorption changes followed
similar temperature dependence, although with larger differences
between the two extremes. The slight differences in this tem-
perature dependence for DLPC and DMPC are most likely due
to the different in situ phase transition temperatures of the lipids
as discussed earlier. The inward orientation for lipid binding is also
supported by crystallographic studies that modeled this conforma-
tion for any bound molecules other than the naturally synthesized
spheroidene (Table 1).7,8,35,41,42 Even though the correlation
appears to be strong, it should also be mentioned that in
moderate-resolution crystal structures (>2 Å), such as those
available for the RCs from Rba. sphaeroides, it could be challenging
to determine the orientation of the acetyl group directly from the
electron density. Since the expected electron density difference
between the “in” and “out” orientations is very small, the best bet is
usually based on identification of potential hydrogen-bonding
partners for the carbonyl oxygen. Unfortunately, for BB a potential
hydrogen-bond donor is absent inmost of the cases. Therefore the
proposed orientation may suffer from bias by the molecular
replacement starting model or automatic choice of chemical
restraints, where one torsion angle is favored over the other. For
example, in the case of the special pair, where His L168 and Tyr
M210 were suggested to be hydrogen-bond donors for the
carbonyl oxygen atoms, in some models the carbonyl oxygen is
modeled pointing away from the potential hydrogen-bond
donor.43,44 In our recent studies we proposed Tyr M210 to be
hydrogen-bonded to the acetyl group of PB but only in the light-
induced conformation.14,15 This indicates that the experimental
conditions, in particular the dark adaptation of the RCs, may have
significant influence on this structural detail.
Implications of Results for Protein Function and Potential

Applications. Despite of the symmetrical arrangement of the
pigment cofactors along two branches in the RCs, only one
branch was functionally active in the charge-separation process.
Extensive studies have led to the current view that suggests an
energetic asymmetry between the two branches due to different
interactions of the cofactors with their surroundings along the
two branches.45,46 Recent improvements in crystallographic
studies identified three tightly bound lipids in the RCs that were
modeled in earlier structures as detergent molecules.17,18 A
glycolipid molecule was found near the active bacteriochloro-
phyll monomer (BA), whichmost likely shields this cofactor from
the external solvent and provides a hydrophobic environment.18

As the electron from P to HA is transferred via BA, the low
dielectric constant is optimal for setting a low reorganization
energy for this electron-transfer step.3 Contrarily, the inactive
bacteriochlorophyll monomer (BB) has no bound lipid and was
found to have access to the polar solvent.19 Many structures
modeled a detergent molecule to accommodate the electron
density found in the carotenoid binding pocket in R-26. One
might speculate whether a lipid molecule can occupy this binding
site in R-26, similarly to the other three lipids that were modeled
also as detergents in earlier structures. Although binding of a lipid
molecule near BB to the carotenoid-binding site in R-26 may
influence the probability of charge separation along the inactive
branch, other factors must also contribute to the unidirectional
electron transfer, as the rate of charge separation was essentially
the same in R-26 and WT regardless of the presence of a bound
carotenoid molecule in WT. For example, the presence of another

integral lipid, the phosphocholine near only HB, should also
contribute to the functional asymmetry.18 Our results indicated
that at any given illumination conditions the RCs from R-26
mutant have lower ability to undergo structural changes thanWT
RCs. The structural changes were reported recently to reduce the
P/P+ potential and thus lower the risk of oxidative damage if, due
to excess light, the RC becomes saturated and the cytochrome c2
and/or quinone pools become exhausted.15 In the photosyn-
thetic membranes, the RCs from WT are surrounded by light-
harvesting complexes 1 and 2 (LH1 and LH2). The amount of
LH2 is synchronized with the available light, and changes in the
ambient light exposure can adjust the LH2 level. The LH2
complex, however, was removed from R-26, hindering its ability
to adjust for changes for the light conditions. It seems reasonable
to develop a compensating mechanism for the removed two lines
of defense (lack of LH2 and carotenoid) in R-26 involving lipid
binding that can increase the probability of light-induced struc-
tural changes that can lower the potential of the P/P+ couple.
Although the RCs and many other membrane proteins are
typically studied in a detergent environment, the integral lipids
that gained cofactor status recently should also interact with the
membrane lipids, which supply in vivo an environment with
functional properties radically different from those of the isolated
protein. These interactions allowed the charge-separated state to
last for an unprecedented long time.
Expansion of the lifetime of the charge-separated state from 100

ms to hours at a convenient temperature range presented in this
work provides a new opportunity to utilize the RC as a light-driven
biocapacitor in energy storage. The principles leading to the ability
of the RC to store electric potential on an extended time scale can
be inspiring for the development of biomimetic systems that can
form the basis of molecular-scale optoelectronic devices.
Abbreviations. RC, reaction center; P, bacteriochlorophyll

dimer; BA and BB, bacteriochlorophyll monomers in the A and
B branch, respectively; HA and HB, bacteriopheophytin molecules
in the A and B branch, respectively; QA, primary quinone; QB,
secondary quinone; Rba., Rhodobacter; WT, wild type; TX-100,
Triton X-100; LDAO, N-lauryl-N,N-dimethylamine N-oxide;
BOG, octyl β-glucoside; DOPC, 1,2-dioleoyl-sn-glycero-3-phos-
phocholine; DLPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine;
DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; CN:X, fatty
acid chains with N carbon atoms and X double bonds; LH1 and
LH2, light harvesting complexes 1 and 2, respectively.
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