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Chapter 7

Configuration of spheroidene in
the photosynthetic reaction center
of Rb. sphaeroides: A comparison
of wild type and reconstituted R26

We compare the resonance Raman spectra acquired at two excitation wavelengths,
496.5 and 514.5 nm, of spheroidene in the wild-type reaction center of Rhodobacter
sphaeroides and reconstituted into the reaction center of the Rhodobacter sphaeroides
mutant R26. Our earlier work showed that the reconstituted R26 reaction center
holds spheroidene in two configurations: 15,15′-cis and another configuration. Here
we show that in the wild-type reaction center only 15,15′-cis spheroidene is present.
In the resonance Raman spectra of the reconstituted R26 reaction centers a tran-
sition is identified that arises exclusively from the second configuration. According
to density-functional-theory calculations this transition is specific for the 13,14-cis
configuration.

Guinevere Mathies, Marc C. van Hemert, Peter Gast, Karthick B. Sai Sankar Gupta,
Harry A. Frank, Johan Lugtenburg, and Edgar J. J. Groenen, J. Phys. Chem. A,
115:34 (2011) 9552-9556.
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7. Configuration of spheroidene in the photosynthetic reaction center of
Rb. sphaeroides: A comparison of wild type and reconstituted R26

7.1 Introduction

The primary process of bacterial photosynthesis is a transmembrane charge separa-
tion. The minimum structural unit capable of producing the charge separation is an
integral membrane complex termed the reaction center (RC), which was first isolated
from the purple photosynthetic bacterium Rhodobacter (Rb.) sphaeroides. [153] Like
all bacterial RCs the RC of Rb. sphaeroides contains a carotenoid. If excess light
is supplied to the RC, a triplet state of the primary donor is generated, which can
result in the formation of singlet oxygen. The carotenoid quenches this triplet state
through energy transfer, which produces a triplet carotenoid. [154–156] To under-
stand this photoprotective mechanism, it is important to know the structure of the
carotenoid in the RC.

The carotenoid present in anaerobically grown Rb. sphaeroides RCs is spheroidene
(see Figure 7.1). Early spectroscopic studies suggested that spheroidene assumes a
cis configuration in the RC. [157, 158] Comparison of the resonance Raman spectra
of spheroidene in RCs with resonance Raman spectra of cis isomers of β-carotene
shows a strong resemblance between spheroidene in the RC and 15,15′-cis β-carotene.
[159, 160] Both spectra display a clear band around 1240 cm−1, which is not observed
in the resonance Raman spectra of other cis isomers of β-carotene.

Figure 7.1: Schematic representation of spheroidene and the labeling of the carbon
atoms. The molecule is shown in the all-trans form. The dashed lines indicate the
conjugated region.

The structures of the RCs from three wild-type strains are known from X-ray
diffraction. [161–163] The presence of spheroidene in a 15,15′-cis configuration is
consistent with the electron density map, but the resolution of these structures is
insufficient to position a cis bond uniquely. In 2000, the electron density map of the
RC from the mutant AM260W of Rb. sphaeroides, which contains spheroidenone,
was determined by X-ray diffraction and clearly favored a 15,15′-cis configuration
above a 13,14-cis configuration. [164, 165]

In a long-term project, we have contributed to the study of the configuration
of spheroidene in the RC of Rb. sphaeroides by combining resonance Raman spec-
troscopy with density-functional-theory (DFT) calculations. [17, 18, 166, 167] RCs
from the carotenoidless mutant Rb. sphaeroides R26 were reconstituted with iso-
topically labeled spheroidenes. The use of specific 13C and 2H labeled spheroidenes

78



7.2. Methods

enabled the assignment of normal modes to transitions observed in the resonance
Raman spectra. The normal mode underlying the transition around 1240 cm−1 was
identified and found to uniquely refer to the cis nature of the 15,15′ carbon-carbon
double bond. [18]

Detailed comparison of resonance Raman spectra and results of DFT calcula-
tions also revealed that besides the 15,15′-cis configuration another configuration
of spheroidene occurs in significant proportion in the reconstituted R26 RC. [18]
The DFT calculations for many structures of spheroidene consistently show that
two transitions have appreciable intensity in the region between 1500 and 1570 cm−1

of the resonance Raman spectrum, where C=C stretch vibrations typically occur.
However, the experimental spectra of several isotopically labeled spheroidenes that
were reconstituted into the R26 RC clearly display three or four transitions in this
region. This observation can be understood if a second configuration is present. The
trend in the shift of the third and fourth transition with the position of the isotope
in spheroidene identified the 13,14-cis configuration as a likely candidate.

The question remained whether the wild-type RC of Rb. sphaeroides contains
a second configuration as well, besides the 15,15′-cis. The answer to this question
is relevant, because the structure and thereby the energy of the triplet state deter-
mine the rate of excitation transfer by which spheroidene fulfills its photoprotective
function. [154–156] In addition, it is important to know whether conclusions drawn
from studies on the reconstituted R26 RC of Rb. sphaeroides apply to wild type as
well, as is suggested by several observations. The structures determined by X-ray
diffraction of the reconstituted R26 RC and of the wild-type RC show very similar
binding of the carotenoid. [156, 164, 165] Also, the electron paramagnetic resonance
spectra of the triplet excited spheroidene in wild-type and reconstituted in R26 RC
are indistinguishable. [168] However, the resonance Raman spectra recorded with
excitation wavelength 496.5 nm of the wild-type RC and the reconstituted R26 RC
show minor differences. [169]

We compare the resonance Raman spectra acquired at two excitation wave-
lengths, 496.5 and 514.5 nm, of the wild-type RC and the reconstituted R26 RC. We
find that, while spheroidene is present in the reconstituted R26 RC in the 15,15′-cis
configuration and in another configuration, the wild-type RC contains only 15,15′-cis
spheroidene. In the resonance Raman spectra of the reconstituted R26 reaction cen-
ters a transition is identified that arises exclusively from the second configuration.
Mode composition analysis shows that this transition corresponds to a mode that is
specific for the 13,14-cis configuration.

7.2 Methods

The wild-type RCs were obtained from Rb. sphaeroides strain 2.4.1 as described
in Shochat et al. [170] RCs from Rb. sphaeroides R26 were obtained as described
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7. Configuration of spheroidene in the photosynthetic reaction center of
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in Feher and Okamura. [171] To reconstitute spheroidene into the R26 RCs the
following procedure was followed. A spheroidene solution in hexane was dispersed
in a 1% Triton X-100 solution. To evaporate the hexane, this solution was heated to
about 80

◦
C and stirred until it became clear. The solution was then cooled to room

temperature. Solutions of spheroidene prepared in this way remained transparent
for several hours at room temperature. Reconstitution was performed by adding the
Triton/spheroidene solution to the R26 RCs in TL buffer (10 mM Tris pH 8, 0.1%
LDAO, 1 mM EDTA) such that the Triton solution was < 0.1% and the spheroidene-
RC ratio was ten, and stirring for six hours. The excess spheroidene was removed
by washing the RCs on a DEAE column.

To obtain a glass-like sample at cryogenic temperatures, the samples consisted
of one part reaction centers in TL buffer and one part glycerol. This mixture had
an optical density of about 0.5 at 496.5 nm. For the resonance Raman experiments
a sample volume of 150 µl in a glass tube of 3 mm diameter was used.

Resonance Raman scattering was induced by the 496.5 and 514.5 nm lines of a
Spectra Physics model Stabilite 2017 Ar+ laser. The scattered light was collected at
an angle of 90

◦
and imaged on the entrance slit of an Acton Research SpectraPro-500i

spectrograph, which contained a grating of 1200 g mm−1. A notch filter (496.5 nm:
Omega Optical Inc., 514.5 nm: Iridian Spectral Technologies) was used to remove
light of the excitation wavelength and eliminate “ghost” lines which result from
irregularities in the grating. Spectra are collected using a CCD camera (Princeton
Instruments Spec-10 system). The dispersion was approximately 1 cm−1 per pixel.
Calibration was performed using a set of calibration lamps.

Spectra were recorded at a temperature of 77 K. Illumination power was about
100 mW for the spectra recorded at 496.5 nm and about 25 mW for the spectra
recorded at 514.5 nm. The illumination time was 10 min.

The vibrational modes of 15,15′-cis and 13,14-cis and their resonance Raman
activity were calculated as described in references 17 and 18. In short, the Gaus-
sian 03 package, Revision E.01, was used for geometry optimization and subsequent
calculation of the Hessian. [172] The DFT calculations were performed with the
B3LYP functional and the densities were expressed in a 6-31G* basis. The normal
modes and corresponding frequencies were calculated using the Wilson GF formal-
ism using the expressions for the transformation between Cartesian and internal
coordinates given by Califano. [173] The internal coordinates were used to estimate
the resonance Raman intensities according to

Iα ∝ να

(∑
i

Aαiδi

)2

. (7.1)

In this formula να is the frequency of the normal mode α, A represents the coordinate
transformation matrix and δi is the change in internal coordinate i as a result of the
(near-)resonant electronic π∗ ← π transition. [174] The strength of the method
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has been shown by the complete description of the resonance Raman spectra of
isotopically labeled all-trans-spheroidene in solution. [17]

7.3 Results and discussion

Figure 7.2 shows the resonance Raman spectra of reconstituted R26 and wild-type
RCs recorded at an excitation wavelength of 496.5 nm. In both spectra the resonance
Raman transition that is characteristic of the 15,15′-cis configuration is observed at
1239 cm−1 [18]. To compare the R26 spectra and the wild-type spectra, the spectra
were normalized to the integrated intensity of the 1239 cm−1 transition, which was
determined by fitting a Gaussian function to the transition and taking its surface
area. Normalization to this band assures that in both spectra the contribution from
the 15,15′-cis configuration is the same.

Several differences between the reconstituted R26 and the wild-type spectra are
observed: (i) the shape of the broad band around 1535 cm−1 differs; (ii) upon nor-
malization to the 1239 cm−1 transition, the intensity of all other bands is less in
the wild-type spectrum than in the R26 spectrum; (iii) the ratio of the intensities
of the bands at 1158 and at 1170 cm−1 is slightly different; and (iv) the wild-type
spectrum shows a weak band at 1139 cm−1, while the reconstituted R26 spectrum
shows a band at 1142 cm−1 of a five times higher intensity. The last three of these
differences were already reported by Agalidis et al., [169] but not yet explained.

The upper panel of Figure 7.3 shows the broad band around 1535 cm−1 observed
upon excitation at 496.5 nm for both wild type and reconstituted R26 RCs in detail.
At cryogenic temperatures, a single resonance Raman transition typically has a width
(FWHM) of about 8 cm−1. The band observed at 1535 cm−1 for the reconstituted
R26 RC appears to arise from more than two transitions. In contrast, the band in
the wild-type spectrum may well derive from two transitions.

Resonance Raman spectra of both reconstituted R26 RCs and wild-type RCs
were also recorded at the excitation wavelength 514.5 nm (see Appendix D). The
differences between wild-type and reconstituted R26 that were observed at 496.5 nm
are also observed in these spectra. The upper panel of Figure 7.4 shows the broad
band around 1535 cm−1 at excitation wavelength 514.5 nm in detail. In the wild-type
spectrum two transitions are resolved, while the band observed for the reconstituted
R26 RCs is again considerably broader.

According to DFT calculations the resonance Raman spectra of spheroidene will
contain two resonance-enhanced Raman transitions in the C=C stretch region be-
tween 1500 and 1570 cm−1, independent of the configuration of the carbon chain.
[17, 18] The observation of two transitions in this region in the wild-type spectra
means that the wild-type RC contains spheroidene in one configuration. The pres-
ence of the transition at 1239 cm−1 assures that this is the 15,15′-cis configuration.

The lower panels of Figure 7.3 and 7.4 display spectra that result from subtraction
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Figure 7.2: Resonance Raman spectra of reconstituted R26 and wild-type RCs with
excitation at 496.5 nm: solid line: R26, dashed line: wild type. The spectra are
normalized to the intensity of the 1239 cm−1 transition, which is characteristic for the
15,15′-cis configuration. The peak denoted with an asterisk is an argon plasma line.
A fluorescence background was subtracted.

of the wild-type spectra from the R26 spectra after normalization to the 1239 cm−1

transition. These difference spectra also show two transitions, again better resolved
for excitation at 514.5 nm.

It is possible to fit two Gaussian functions to the two wild-type spectra and to
the two difference spectra. The results of these fits are summarized in Table 7.1.
The centers of the two transitions observed in the wild-type spectra are the same,
within the experimental error, at both excitation wavelengths. The same holds for
the difference spectra.

From the analysis of the resonance Raman spectra of specific isotope-labeled
spheroidenes reconstituted into the R26 RC, Wirtz et al. [18] concluded that besides
the 15,15′-cis configuration a second configuration of spheroidene is present in the
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7.3. Results and discussion

Figure 7.3: Upper panel: Detail of the resonance Raman spectra of reconstituted
R26 (solid line) and wild-type (dashed line) reaction centers. Excitation wavelength:
496.5 nm. The two spectra are normalized to the integrated intensity of the 1239 cm−1

transition. Lower panel: Difference of the two spectra shown in the upper panel (R26
− wild type).

R26 RC. This is confirmed by the presence of two C=C modes in the difference
spectra.

The presence of an additional configuration of spheroidene in the R26 RC offers
an explanation for the differences between the resonance Raman spectra of wild-type
and reconstituted R26 RCs (see Figure 7.2 and Appendix D). First, the different
shape of the broad band around 1535 cm−1 results from the fact that this band
derives from two C=C stretch modes for the wild-type RC and from four for the
reconstituted R26 RC. Second, the additional configuration is responsible for the
“extra” intensity in the R26 spectra as compared to the wild-type spectra after
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Figure 7.4: Upper panel: Detail of the resonance Raman spectra of reconstituted
R26 (solid line) and wild-type (dashed line) reaction centers. Excitation wavelength:
514.5 nm. The two spectra are normalized to the integrated intensity of the 1239 cm−1

transition. Lower panel: Difference of the two spectra shown in the upper panel (R26
− wild type).

normalization at 1239 cm−1. Third, the shape of the spectrum in the fingerprint
region around 1160 cm−1 is expected to be different for the two configurations,
which explains the difference between the wild-type and reconstituted R26 spectra
in this region. Finally, the absence of the transition at 1142 cm−1 in the wild-type
spectra suggests that this transition corresponds to a mode that is characteristic for
the second configuration in the R26 RC.

Wirtz et al. [18] concluded that the isotope-induced shifts of the transitions
in the C=C stretch region of the R26 spectra that do not belong to the 15,15′-cis
configuration, were qualitatively consistent with a 13,14-cis configuration. Koyama
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peak center 1 line width 1 peak center 2 line width 2
(cm−1) (cm−1) (cm−1) (cm−1)

WT 514.5 1525.8 8.1 1538.4 9.6
WT 496.5 1524.9 9.3 1537.8 9.3
R26 − WT 514.5 1531.2 6.6 1543.9 10.4
R26 − WT 496.5 1529.2 10.9 1542.5 11.7

Table 7.1: Peak center positions and line widths of the bands in the 1500 - 1570 cm−1

region. The spectra of wild-type RCs and the spectra resulting from subtraction of
the spectrum of the wild-type RC from the spectrum of the reconstituted R26 RC as
shown in Figure 7.3 and 7.4 were fitted with two Gaussian functions. The error in
the distance between two peak center positions within one spectrum as determined by
Gaussian fitting is estimated to be at most 2 cm−1.

et al. [159, 160] report on a transition that is typically observed in the 1120 -
1140 cm−1 region of the resonance Raman spectra of isomers of β-carotene that
have a 13,14-cis bond. We calculated the compositions of the normal modes of
spheroidene in the 13,14-cis configuration assuming a structure in which the C-
atoms of the methyl groups of spheroidene were at the coordinates found from X-ray
diffraction by McAuley et al. [164] A mode at 1128 cm−1 that is characteristic for
the 13,14-cis configuration and comparable in composition to the 1239 cm−1 mode
of the 15,15′-cis configuration is calculated to gain intensity in a resonance Raman
experiment. Both modes consist mainly of two in-phase stretch vibrations of the
two single carbon-carbon bonds adjacent to the cis bond (see Figure 7.5 and 7.6).
In the case of the 13,14-cis configuration one of the C-atoms that participates in
the cis bond has a methyl group attached. Together with a stronger delocalization
this increased mass is responsible for the lower wavenumber of this mode for the
13,14-cis configuration (1142 compared to 1239 cm−1).

Depending on the preparation of the reconstituted R26 RCs, the ratio of the
intensities of the 1158 and 1170 cm−1 bands and the shape of the broad band around
1535 cm−1 are found to vary (see Appendix D). The first of these variations was
also described in reference 169. The resonance Raman spectra invariably show the
presence of both 15,15′-cis and 13,14-cis spheroidene, as is clear from the presence
of the 1239 and the 1142 cm−1 bands. The variations in the spectra can not be
fully explained by a change in the relative contributions of the 15,15′-cis and the
13,14-cis configuration. Instead, they point to a slight variation in the structure of
the carotenoid in the RC.

Transient absorption and EPR experiments performed on reconstituted R26 RCs
give qualitatively identical results to wild-type RCs. [168, 175, 176] A quantitative
comparison of the yields of triplet formation is yet to be performed. This could give
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Figure 7.5: Composition of the normal mode characteristic of the 13,14-cis configu-
ration of spheroidene. It is observed in the resonance Raman spectrum of spheroidene
in the RC of Rb. sphaeroides at 1142 cm−1. The mode consists mainly of single carbon-
carbon bond stretches in the region close to the cis bond. Arrows indicate relative
displacement, but are not drawn to scale. Displacement for hydrogen atoms has been
scaled down.

information on how critical the 15,15′-cis configuration of spheroidene is and thereby
on the triplet quenching mechanism.

7.4 Conclusion

Wild-type reaction centers of Rb. sphaeroides contain spheroidene in one configura-
tion, namely 15,15′-cis. Reconstituted R26 reaction centers of Rb. sphaeroides, on
the other hand, contain spheroidene in the 15,15′-cis and the 13,14-cis configuration.
Hence, one must be careful in extrapolating results obtained for the reconstituted
R26 reaction center to the wild-type reaction center.
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7.4. Conclusion

Figure 7.6: Composition of the normal mode characteristic of the 15,15′-cis configu-
ration of spheroidene. It is observed in the resonance Raman spectrum of spheroidene
in the RC of Rb. sphaeroides at 1239 cm−1. The mode consists almost exclusively
of the carbon 14′-15′ and 15-14 stretches and the C-H bend vibrations at the 15 and
15′ positions. Arrows indicate relative displacement, but are not drawn to scale. Dis-
placement for hydrogen atoms has been scaled down.

87



7. Configuration of spheroidene in the photosynthetic reaction center of
Rb. sphaeroides: A comparison of wild type and reconstituted R26

88


