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Abstract

Reaction centers (RCs) of purple bacteria are uniquely suited objects to study the mechanisms of the photosynthetic conversion of light energy
into chemical energy. A recently introduced method of higher order derivative spectroscopy [I.K. Mikhailyuk, H. Lokstein, A.P. Razjivin, A
method of spectral subband decomposition by simultaneous fitting the initial spectrum and a set of its derivatives, J. Biochem. Biophys. Methods
63 (2005) 10-23] was used to analyze the NIR absorption spectra of RC preparations from Rhodobacter (R.) sphaeroides strain 2R and
Blastochloris (B.) viridis strain KH, containing bacteriochlorophyll (BChl) a and b, respectively. Q, bands of individual RC porphyrin
components (BChls and bacteriopheophytins, BPheo) were identified.

The results indicate that the upper exciton level Py, of the photo-active BChl dimer in RCs of R. sphaeroides has an absorption maximum of
810nm. The blue shift of a complex integral band at approximately 800nm upon oxidation of the RC is caused primarily by bleaching of Py,
rather than by an electrochromic shift of the absorption band(s) of the monomeric BChls. Likewise, the disappearance of a band peaking at 842nm
upon oxidation of RCs from B. viridis indicates that this band has to be assigned to Py,. A blue shift of an absorption band at approximately
830nm upon oxidation of RCs of B. viridis is also essentially caused by the disappearance of Py, rather than by an electrochromic shift of the
absorption bands of monomeric BChls. Absorption maxima of the monomeric BChls, Bg and B, are at 802 and 797 nm, respectively, in RCs of R.
sphaeroides at room temperature. BPheo co-factors Hg and Ha peak at 748 and 758 nm, respectively, at room temperature. For B. viridis RCs the
spectral positions of Hg and H, were found to be 796 and 816 nm, respectively, at room temperature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction resolved X-ray crystal structural analyses have become

available for RCs of several purple bacterial species, e.g.

Purple bacterial reaction centers (RCs) are uniquely suitable
objects to study the mechanisms of the highly effective
photosynthetic conversion of light energy into chemical energy.
Since the pioneering work of Deisenhofer et al. [1] highly

Abbreviations: BChl, bacteriochlorophyll; B, monomeric accessory BChls;
BPheo or H, bacteriopheophytin; Q4, primary quinone acceptor; EET, excitation
energy transfer; FWHM, full width at half maximum; LDAO, lauryldimethy-
lamine-oxide; NIR, near infrared; P, primary electron donor; Py, and Py,
symmetric and antisymmetric components of the Q,, transition of P; RC, reaction
center; RT, room temperature; B., Blastochloris; R., Rhodobacter.
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Refs. [2—-4], facilitating the establishment of structure—function
relationships. RCs are membrane-integral pigment—protein
complexes, binding 4 bacteriochlorophyll (BChl) molecules,
two bacteriopheophytins (BPheo, also denoted as H), two
quinones (Q) and a non-heme iron co-factor [1-4]. Two
strongly excitonically coupled BChl molecules form the
photoactive dimer of the primary electron donor (P). Mono-
meric BChls (in the following denoted as B) and BPheos are
organized in two nearly symmetric (with respect to the C, axis
running through P and the non-heme iron) branches in the RC
—indexed A and B. Under normal conditions, primary charge
separation and further electron transfer (up to Q) occur only in
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the A-branch. The sequence and kinetics of photoexcitation
and electron transfer steps in the purple bacterial RC at room
temperature (RT) can be summarized as follows e.g. Refs.
[5-7], see also a recent review [8]:

hv ~3ps ~1ps ~200ps
—P*ByHAQx —P"ByHAQs —P"BoAH, Qs —P BAHAQ}

The spectral positions of the lowest-energy (Q,) absorption
bands of the pigments in RCs in the near infrared (NIR)
region have gained long-standing experimental and theoretical
interest, in particular due to the fact that the Q, absorption
bands of these components are red shifted by more than
100nm in comparison to isolated pigments in organic
solution. Different explanations have been proposed, i.e., an
influence of the electric field of charged amino acid residues
of the apoprotein [9], and/or excitonic interactions between
the pigments [10,11].

Elucidating the origin of this shift has pivotal importance for
understanding excitation energy transfer (EET) and charge
separation in the RC [12,13]. These processes, the initial stages
of which occur on the femtosecond timescale, require a precise
energetic match of the individual pigments electronic transi-
tions. Thus, elucidation of the nature of interaction of the
bacteriochlorin co-factors and of the mechanisms of electron
density redistribution between the components with subsequent
formation of the charge transfer complexes is the object of
intensive ongoing study. Absorption spectra of bacterial RCs
are very complex due to the strong overlap between the
electronic transitions of the individual co-factors [14].

Transitions observed at 540, 600, 790, 830 and 960nm in
RCs of Blastochloris (B.) viridis—a BChl b containing purple
bacterium—at RT have been assigned previously to specific co-
factors [2,15—18]: a band located at 540nm at 300K is a
superposition of the Qy transitions of both BPheos, a band near
600nm is due to overlapping Q, bands of all BChls in the RC.
The Q, peak of the BPheos at 790nm (at RT) can be resolved at
low temperature into two subbands (at 790 and 810nm)
assigned to Hp and Hy, respectively [18]. In the spectral region
around 830nm, contributions of all BChl RC components are
found [15-20]. Consequently, number, spectral position, and
width of the pigment absorption subbands in the NIR region are
of fundamental importance for a detailed interpretation of the
mechanism(s) of RC function. Moreover, results obtained by
theoretical calculations of the spectral characteristics of the
absorption bands depend critically on the initial model
parameters [21] — for which precise values were not available
up to now. It is generally assumed that the two BChls forming
the primary electron donor P are coupled by strong excitonic
interaction. As a consequence of this interaction two excitonic
bands appear, corresponding to the symmetric (Py.) and
antisymmetric (Py,) components of the Q, transition. Of
particular importance to understand RC function is the
knowledge of the precise spectral position of its upper excitonic
level, Py..

The P, band peaks at approximately 960nm (at 300K) in B.
viridis RCs. Nevertheless, the exact spectral position of the Py,
band cannot be easily deduced due to the strong overlap of B

and Py, absorption bands—rendering it very difficult to
deconvolute respective spectra.

Consequently, deduced Py, positions for RCs of B. viridis
vary considerably: a theoretical analysis of absorption and CD
spectra of RCs suggested a value of 811nm for the Py
maximum [11]. LD studies indicated that Py, is located at
850nm [16]. Based on dichroic transient absorption spectros-
copy, Py, was determined to peak at 855nm [21].

The absorption spectrum of RCs of the BChl a containing
purple bacterium Rhodobacter (R.) sphaeroides is characterized
by transitions at 540, 600, 760, 802 and 865nm at RT [2,14,15].
Bands at 540 and 600nm are due to the overlapping Q
transitions of the BPheos and of all RC BChls, respectively. At
low temperature the Q, band of the BPheos resolves into two
transitions at 546 (H,) and 533nm (Hg) [22].

The band at 802nm is thought to be mainly due to Q,
transitions of the two monomeric BChls (at 300K). Attempts to
determine individual positions of B, and By at RT have been
made by pigment exchange [23,24], but have to be further
substantiated with native RCs. However, at 20K these species
absorb at 802 and 810nm, respectively [22]. In addition to Bp
and Bg, contributions of Py, and Py to the absorption band at
about 800nm have to be presumed.

The lower excitonic level of the special pair, Py, is
obviously associated with an absorption band 865 at RT. Due
to strongly overlapping Q. transitions of B, Bg and Py, an
exact position of the latter, in particular at RT, has not been
determined so far. Py, absorption in RCs of R. sphaeroides has
been found to vary from 805 to 825nm in previous studies
[12,23,25-28]. Based on linear dichroism spectra it was
concluded that at the Py, maximum is at 814 or 815nm at
77K [25,26]. Photochemical hole-burning experiments at 4.2K
facilitated identification of the Py, maximum at 811nm [27].
Photon echo studies at 77K suggested a Py, maximum position
at 813nm [28]. Absorption spectra of modified RCs indicated a
localization of Py, between 805 and 810nm at 8K [23].
According to Ref. [12], the Py, maximum is located at 825 nm at
298K.

To identify individual Q, absorption bands of RC compo-
nents and their band parameters, a method of higher-order
derivative spectroscopy as developed by us [29] is expected to
be advantageous. In the present work this technique was used to
analyze the NIR absorption spectra of RC preparations from R.
sphaeroides strain 2R and B. viridis strain KH, containing BChl
a and b, respectively.

2. Materials and methods

Purple photosynthetic bacteria of the wild-type strains R.
sphaeroides 2R and B. viridis KH were obtained from the
Microbiology Department, Faculty of Biology, M.V. Lomono-
sov Moscow State University. RCs of R. sphaeroides strain 2R
were isolated from chromatophores by solubilization with 0.5%
(w/v) lauryldimethylamine-oxide (LDAO) in 10mM sodium
phosphate buffer (pH 7.0) at 4°C for 30min. The isolation
procedure is described in detail in Ref. [30]. Isolated RCs of R.
sphaeroides were suspended in 10mM sodium phosphate buffer
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(pH 7.0) containing 0.05% (w/v) LDAO. Subsequently, LDAO
was replaced by 0.1% (w/v) sodium cholate via dialysis. These
preparations proved to be more stable during long-term storage.
For the experiments, RCs in 10mM sodium phosphate buffer
(pH 8.1), containing 0.1% (w/v) sodium cholate were used.
Absorption spectra of RC preparations containing LDAO did
not vary from preparations containing sodium cholate.

RCs of B. viridis strain KH were isolated by hydroxylapatite
column chromatography following solubilization of chromato-
phores in 1% (w/v) LDAO solution. The isolation procedure is
described in detail in Ref. [30]. Isolated RCs were suspended in
10mM sodium phosphate buffer (pH 7.0) containing 0.05 %
(w/v) LDAO.

Absorption spectra of the samples were measured in a 1 cm
pathlength cuvette using a Shimadzu 1601 spectrophotometer.
Maximum absorption in the NIR region did not exceed 1. UV/
VIS/NIR absorption spectra of RC preparations of R.
sphaeroides strain 2R and B. viridis strain KH are shown in
Fig. 1. The 280 to 800 nm absorbance ratio is taken as a measure
of purity of the R. sphaeroides RC preparation, usually being
1.3—1.5. This ratio indicates that RC preparations containing
sodium cholate did not vary in BChl content from RC
preparations in LDAO. For B. viridis RC preparations the 280
to 830nm absorbance ratio was 2.3-2.5 which is usual.
Moreover, the spectra in Fig. 1 indicate that no carotenoids
were lost during preparation of the RCs.

For chemical oxidation of the photoactive pigments
potassium ferricyanide (1mM for R. sphaeroides and 5mM
for B. viridis) was used. For low-temperature measurements
glycerol was added to 70% (v/v).
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Fig. 1. Room temperature UV/VIS/NIR absorption spectra of RC preparations
from the BChl a containing purple bacterium R. sphaeroides strain 2R (a) and
from the BChl b containing purple bacterium B. viridis strain KH (b).

The decomposition of the initial spectrum into standard
(Gaussian) bands and the collection of undistorted derivatives
was done using the programs “Derint” and “Deriv” employing a
previously developed procedure. The method is described in
detail in Ref. [29]. Basic assumptions were as follows: since
there is no simple analytical description of the form of an
absorption band [31], for the approximation standard functions
such as Gaussians, Lorentzians or their combination (Voigtians)
were used. In the current paper, to approximate one experi-
mental band 2—-4 Gaussian subbands are used. Usually, the
narrowest band(s) provide(s) the essential contribution(s), the
maximum of which generally coincides with the maximum of
experimental band. Broader bands serve to improve the
approximation of the wings of experimental bands.

To obtain higher derivatives it is necessary to smooth the
original experimental spectra (i.e., filter out high frequencies).
The selection procedure of an optimal filter as proposed by us
[29] is the following: from analysis of the experimental
spectrum and its second derivative obtained without (or with
minimal necessary) smoothing, the width (full width at half
maximum, FWHM) of the narrowest band of the spectrum is
estimated. Subsequently, a model spectrum (Gaussian) of the
same FWHM is generated. Random (white) noise of the same
amplitude as in the experimental spectrum is added. Derivatives
up to some maximum order are calculated analytically for the
Gaussian model band without noise. Thereafter the Gaussian
model band with added noise undergoes smoothing (filtering)
followed by numerical differentiation. Results are compared
and the order of the derivative for which the curves, obtained
analytically and with the aid of smoothing/differentiation differ,
e.g., no more than 10% is determined. The same procedure of
smoothing/differentiation is applied to the experimental spec-
trum. It is assumed that the derivatives from the first to the sixth
order will also differ from the unknown true derivative by no
more than 10%. These derivatives are called undistorted
derivatives, and the filter (smoothing procedure) used is called
optimum filter. The (initial) experimental absorption spectrum
and the entire set of undistorted derivatives are used for the
decomposition into Gaussian bands. Narrow bands are selected
first, giving the major contributions to higher derivatives. Broad
bands determine the form of the initial spectrum and of lower
derivatives. In the program package filtering out of high
frequencies is accomplished by Fourier transform. Errors of the
quantitative band parameters (maximum, amplitude and
FWHM) are obtained by expert estimation. Usually parameters
of narrow bands are determined with an accuracy on the order of
5—10%, those of broad bands with an accuracy of 15-20%.

3. Results and discussion
3.1. Analysis of the absorption spectra of RCs from B. viridis

RT absorption spectra on the NIR region of native (reduced)
and chemically oxidized RCs of the BChl b containing purple
bacterium B. viridis strain KH are presented in Figs. 2 and 3,
respectively. These spectra are normalized at 830nm. Experi-
mental absorption spectra were decomposed into Gaussian
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Fig. 2. Room temperature Q, absorption spectrum of reduced RCs from the
BChl b containing purple bacterium B. viridis strain KH (circles). Gaussian
bands into which the experimental spectrum was decomposed are shown as thin
curves. The thick curve represents the envelope of the Gaussian subbands.

bands (thin curves), their envelope (thick curve) is shown, too.
Each model band is characterized by three parameters—
absorption maximum, normalized relative amplitude and
FWHM. Derivatives (considered to be undistorted, vide
supra) of the spectra up to the 6th order were used. The
spectrum of reduced RCs can be decomposed into 6 Gaussian
bands (Fig. 2). Parameters of the Gaussian bands, into which
these spectra were decomposed, are given in Table 1.

Some of these bands can be assigned to specific co-factors
according to published data: bands 1 (at 796nm) and 2 (816 nm)
with relative amplitudes of 0.27 and 0.35 as well as 37 and
22nm FWHM, can be ascribed to Hg and H, respectively. This
assignment is based on low-temperature absorption data
obtained with reduced RCs of B. viridis [19]. According to
Ref. [19], the absorption maximum of Hy is located at 790 nm at
5K, whereas H, was found to peak at 805 and §10nm at 5 and
110K, respectively [18,19]. A blue shift of the Qy band of H
upon cooling in comparison to RT is a well-known phenomenon
[32]. The narrowest band 4 with maximum at 831nm (17nm
FWHM) is ascribed to the Qy transition of the monomeric
BChls. This is the most intense band in our decomposition
analysis. It is well known that the absorption spectra of both, Bg
and B,, strongly overlap and form an intensive peak at 830nm
at 300K [21]. Finally, band 6 with a maximum at 960nm (77 nm
FWHM) and relative amplitude of 0.34 corresponds to the P,
component in B. viridis RCs [19-21]. The very broad band 3
with an 818nm maximum (110nm FWHM) is apparently the
superposition of the vibronic subbands of all bacteriochlorin
components in the RC. The assignment of the remaining band 5
peaking at 842nm will be discussed below.

The absorption spectrum of the oxidized RC is shown in Fig.
3 (open circles). From comparison of the respective amplitudes
of band 4 (Table 1) it can be seen that the addition of SmM
ferricyanid caused only partial oxidation (~75%) of P in RCs of
B. viridis. As in the case of the reduced RC, the absorption
spectrum of the oxidized RC was decomposed into 6 Gaussian
bands (Fig. 3, thin lines). A closer inspection of the band
positions, their amplitudes and FWHM for oxidized and
reduced RC preparations shows that the Gaussian parameters

of the subbands are altered to different extents: maximum
position, amplitude and FWHM of band 1 (Hp) are essentially
unaltered (Table 1). The 7% gain in amplitude of this band in
oxidized RCs in comparison to the reduced ones does not
exceed the decomposition accuracy (cf. Materials and methods).
The same holds for the difference in band position, amplitude
and FWHM of the bands 1, 2 and 3, assigned to B, H, and to the
superposition of the vibronic subbands, respectively, in the
absorption spectra of the oxidized and reduced RCs (Figs. 2, 3
and Table 1). In the experimental spectra (Figs. 2, 3) the
observed shift of the B band upon oxidation of P is ~5nm, a
value consistent with previous reports for RCs of B. viridis
[32,33] and R. sphaeroides [12,32—34]. The shift of the position
of B to the blue in the oxidized RCs is usually explained as an
electrochromic shift caused by P* formation [12,23,27,28] or
due to absence of coupling with the special pair excitonic states
[12]. Obviously, the ~5nm blue shift of the B band upon P
oxidation observed by comparison of the absorption spectra of
the reduced and oxidized B. viridis RCs is the combined effect
of at least two processes: Py, band bleaching and the influence
of the electric field of P" (electrochromic effect). A contribution
of these two processes to the blue shift will be further discussed
below.

Let us discuss the origin of band 5 (Table 1) now. Absorption
maximum and FWHM of this band for reduced and oxidized
RCs are 842 and 23nm. The relative amplitude of the 842nm
band in the reduced RC is 0.38 and strongly depends on the
amount of P" in the RC preparation. The amount of oxidized
RCs was assessed by comparison of the amplitude of the 960 nm
band in control and potassium ferricyanide treated RC
preparations. By incubation of the RC preparations with 1 mM
potassium ferricyanide for Smin 50% oxidation of P was
achieved. In this preparation the intensity of the 842nm band
was 0.2 (data not shown). Upon oxidation of 75% of the RCs by
addition of 5mM K3Fe(CN)g the amplitude of the 842 nm band
was decreased to 0.1 (Fig. 3 and Table 1). Finally, essentially
full oxidation of P was obtained by the addition of an excess of
K53Fe(CN)g to the RC preparation, a procedure that results in
oxidation of more than 95% of P. In this case the band with the
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Fig. 3. Room temperature Q, absorption spectrum of 75% oxidized RCs from B.
viridis upon addition of SmM K3Fe(CN)g (circles). Gaussian bands into which
the experimental spectrum was decomposed are shown as thin curves. The thick
curve represents the envelope of the Gaussian subbands.
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Table 1

Parameters obtained by decomposition of the absorption spectra of reduced and oxidized RCs from B. viridis into Gaussian bands

Ne Peak position [nm/cm™ '] Amplitude [rel. units] FWHM [nm/cm™ ']
Reduced RC Oxidized RC Reduced RC Oxidized RC Reduced RC Oxidized RC

1 796/12 563 796/12 563 0.27 0.29 37/584 37/584

2 816/12 255 817/12 240 0.35 0.35 22/330 26/390

3 818/12 225 816/12 255 0.16 0.16 110/1651 110/1660

4 831/12 034 830/12 048 0.54 0.58 17/246 17247

5 842/11 876 842/11 876 0.38 0.10 23/324 23/324

6 960/10 417 962/10 395 0.34 0.09 77/837 77/833

absorption maximum at 842nm disappeared. The absorption
spectrum of fully oxidized samples was decomposed into mere
5 Gaussian bands with maxima at 796, 816, 817, 830 and
962 nm (data not shown). Thus, a synchronous reduction of the
amplitudes of the 842 and 960nm absorption bands upon
oxidation of a progressive number of the P was observed. This
observation is an important evidence that the band with a
maximum at 842nm in the absorption spectrum of the reduced
RC from B. viridis is predominantly related to the P — Py,
transition at RT.

In the following the band with a maximum at around
830nm (assigned to Bp and B,) will be discussed. The
decomposition data summarized in Table 1 indicate that the
maximum of this band shifts 1nm to the blue upon oxidation
of P. On the other hand, the experimentally observed blue shift
is about Snm (compare Figs. 2 and 3). If the B band positions
determined from decomposition of the absorption spectra of
native and oxidized RC are realistic, this would indicate that
the electrochromic shift caused by P oxidation is merely
~1nm in comparison to the shift due to bleaching of the Py.
band (~4nm). This assumption is confirmed by an analysis of
the data presented in Fig. 4, where 2nd derivatives of the
absorption spectra of reduced and oxidized RCs are shown. A
detailed inspection indicates that upon oxidation of P the
maximum of the inverted 2nd derivative of the absorption
spectrum of the B band blue shifts by mere 10cm ',
Moreover, the main difference in the 2nd derivative spectra
of reduced and oxidized RCs is observed in the region
between 840 and 845nm, i.e. where a band that is ascribed to
Py, is located (Fig. 4). Consequently, the shift of the main NIR
absorption maximum at approximately 830nm upon oxidation

is mainly caused by the disappearance of the excitonic band
Py.. Oxidation of P also leads to a blue shift of 1nm (from
831 to 830nm) of the By and B, bands and to a red shift
(from 816 to 817nm) of the Hp band, as summarized in Table
1. The blue shift of the absorption of the monomeric BChls &
and the red shift of BPheo upon oxidation of the RC is
usually explained by an electrochromic effect, caused by the
electric charge on P [32,35]. The accurate displacements have
not been determined analytically with certainty, yet, due to
the fact, that—in spite of a well-known RC structure—the
effective dielectric constant (¢) of the medium surrounding P
is uncertain. Thus, estimations resulted in a shift of the bands
of the monomeric BChls b of 13nm for ¢~4, or 5nm for
e=10 [36,37].

Results obtained with oxidized RCs from B. viridis indicate
that the blue shift of the composite (integral) absorption band of
porphyrins in the region around 830 nm (Fig. 4) is not primarily
determined by electrochromic effects—but rather by the
disappearance of an absorption component that can be related
to Py..

3.2. Analysis of the absorption spectra of RCs from R.
sphaeroides

Normalized RT NIR absorption spectra of reduced (solid
line) and oxidized (dotted line) RCs from the BChl a-containing
purple bacterium R. sphaeroides strain 2R are shown in Fig. 5.
Three absorption maxima are observed for reduced RCs: at
864nm (due to Py_), at 760nm (due to the BPheos) and, one at
about 800nm. It is generally assumed [12,14,20,23,25-28] that
the monomeric BChls a and Py, absorb in the latter region.

Table 2
Parameters obtained by decomposition of the absorption spectra of reduced and oxidized RCs from R. sphaeroides into Gaussian bands
Ne Peak position [nm/cm™ '] Amplitude [rel. units] FWHM [nm/cm™ ']

Reduced RC Oxidized RC Reduced RC Oxidized RC Reduced RC Oxidized RC
1 802/12 468 801/12 477 0.42 0.42 16/248 16/248
2 810/12 347 - 0.26 - 15/233 -
3 797/12 542 797/12 542 0.29 0.29 17/264 17/264
4 864/11 576 859/11 646 0.45 0.05 60/804 46/629
5 789/12 668 789/12 668 0.27 0.40 19/309 20/324
6 812/12 318 811/12 338 0.14 0.12 29/439 21/320
7 758/13 197 759/13 180 0.12 0.15 16/279 17/289
8 767/13 032 771/12 962 0.22 0.22 42/709 46/769
9 748/13 376 748/13 366 0.10 0.10 17/301 16/291
10 736/13 585 739/13 537 0.19 0.15 41/761 42/776
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Fig. 4. Inverted normalized 2nd derivatives of the absorption spectra of reduced
(solid line) and chemically oxidized (dotted line) RCs of B. viridis.

Chemical oxidation of RC preparations with ferricyanide leads
to bleaching of the P, band at 864nm. Additionally, a red shift
of the BPheo absorption band as well as a blue shift (by 3.5nm)
of the 800nm band are observed. The band shifts observed at
approximately 760 and 800nm upon oxidation of RCs are
usually explained by an electrochromic effect [15,17,38] (see
also previous section). A contribution of a fading excitonic Py,
band to the blue shift of a band at 800nm can also not be
excluded.

Decomposition of the absorption spectra of reduced and
oxidized RCs from R. sphaeroides into Gaussian bands is
shown in Fig. 6a and b. Parameters of the Gaussian bands into
which these spectra were decomposed are given in the Table 2.
The spectrum of reduced R. sphaeroides RCs can be
decomposed into 10 Gaussian bands, whereas the spectrum of
oxidized RCs can be represented by 9 Gaussian bands (Fig. 6
and Table 2). Derivatives up to the 6th order were used in the
decomposition procedure. 2nd, 4th and 6th derivatives of the
absorption spectrum of reduced RCs, the model bands as well as
the envelope of the combined model bands, respectively, are
shown in Fig. 7a, b, c. Evidently, for a satisfactory
approximation of all derivatives all resolved model bands are
necessary. The bands 1 (at 802nm) and 2 (at 810nm) determine
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Fig. 5. Q, absorption spectra of reduced (solid line) and chemically oxidized
(dashed line) RCs from the BChl @ containing purple bacterium R. sphaeroides
strain 2R at RT.
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Fig. 6. Decomposition of absorption spectra of reduced (a) and chemically
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absorption spectra.

the higher order derivatives. Moreover, their parameters—
spectral positions, amplitudes and FWHM—can be determined
with high accuracy. Band 4 (at 864 nm) barely overlaps with the
remaining ones, and its parameters also can also be determined
very precisely. More difficult, however, is the estimation of the
spectral characteristics of the remaining bands, since these
bands do not make decisive contributions to one of the
derivatives.

In the BPheo absorption region (725—775nm) decomposi-
tion reveals 4 bands—two broad ones (8 and 10) and two
narrow ones (7 and 9). It was shown previously by replacement
of BPheo with pheophytin [39] that Q, bands of Hg and H, are
located at 752 and 762nm, respectively, at 6 K. Thus, bands 7
and 9 in Table 2 with maxima at 748 and 758 nm can be ascribed
to Hg and H,. A difference of 4nm in the Hg and H, band
positions as determined here in comparison to previous data
[39] may be a result of different RC preparations: whereas wild
type bacteria were used in the current study the carotenoidless
mutant R-26 was employed in Ref. [39]. Moreover, the
differences in the positions of bands 7 and 9 may be a
consequence of the accuracy of Gaussian band fitting. Two
broad bands (8 and 10) in the Hsp absorption region are
vibronic. Apparently, one broad and one narrow band are
required to describe the Q, band (and its derivatives) of each
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Fig. 7. Derivatives of the spectra of reduced RCs from R. sphaeroides. Circles
represent the derivatives of the experimental absorption band; thick lines are the
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BPheo: the 736 and 748 nm bands for approximation of Hg and
the 767 and 758 nm bands to fit the H, band.

5 Gaussian bands are resolved in the 800nm region for
reduced RCs. For the same region, 4 Gaussian bands are
obtained for oxidized RCs. Apparently, a decomposition of the
composite (integral) band centered at approximately 800nm
results in more Gaussians than the number of individual
pigments in the RC. This is not surprising, since even the Q,,
absorption band of a monomeric (B)Chl (in a proteinaqueous
environment) has a complex shape due to of the presence of a

set of vibronic modes. Examples for theoretical calculations of
the shape of the Chl a Q, absorption band in different
environments with the aid of the experimentally obtained
vibronic frequencies and Frank—Condon factors can be found in
Ref. [31]. As shown in Ref. [29], the Q, band of a monomeric
Chl a can be approximated by a combination of Gaussians. In
this case the prevailing contribution comes from the narrowest
band. The remaining model bands have considerably smaller
amplitudes and larger widths. Consequently, it is reasonable to
assume that the narrowest model bands (3 peaking at 797nm, 1
with maximum at 802nm and 2 located at 810nm) which
provide the main contributions to the higher order derivatives of
the absorption spectra of both, oxidized and reduced RCs from
R. sphaeroides are the determinant model bands of three
individual absorption bands (two monomeric BChls a and Py.).
The broad model bands (5 and 6) are probably vibronic
structures. These vibronic bands combine contributions from all
BChl a components of the RC: B, Bg, Py, P, (the presence of
a long “tail” of the Py, band in this region was previously
deduced [20]).

Bands 1 (with maximum at 802nm) and 3 (peaking at
797nm) in reduced and oxidized RCs are characterized by
essentially the same FWHM (16 and 17nm, respectively) but
rather different amplitudes (Fig. 6a and b and Table 2). The
maximum of band 1 is very close to the position of the
maximum of the original absorption band assigned to Bg [40].
Band 3 apparently can be attributed to B,. However, in that case
the spectral distance between the By and B, bands would be
less than estimated previously (125cm™ '), cf. e.g., Ref. [20].
Notably, the position of band 3 as obtained by our decompo-
sition is determined with less accuracy than the position of the
band 1. Nevertheless, we believe that Gaussian bands 3 and 1
are related to B, and Bg, respectively.

Of considerable interest is the origin of band 2 (Table 2).
Absorption maximum and FWHM of this band for reduced RCs
are 810 and 15nm, respectively. The relative amplitude of the
810nm band for the reduced RC is 0.26. Upon oxidation of
more than 90% of the RCs by the addition of 1 mM K;5Fe(CN)yg,
the amplitude of the 810nm band decreased to near zero (see
Table 2). In this case, the absorption spectrum of the oxidized R.
sphaeroides was decomposed into 9 Gaussian bands, (Fig. 6b).
Obviously, band 4 with maximum at 864 nm is related to Py in
R. sphaeroides RCs. Moreover, a similar reduction in the
amplitudes of the 810 and 864nm absorption bands upon
oxidation of RCs in R. sphaeroides was observed. Comparison
of the results regarding the 810nm band with the data in the
literature [12,23,25-28] related to the position of the Py, band
allows us to conclude that the 810nm band found in the
absorption spectrum of the reduced RC from R. sphaeroides can
be ascribed to P — Py, transition at RT. An estimation of the
dipole strengths of the P,, and P, transitions was conducted on
the basis of the decomposition results. The dipole strengths of
the bands were calculated according to the procedure given in
Ref. [41] from the area under the absorption bands. It was found
that the ratio of the dipole strengths of Py, to P, isclose to 1:6
— a ratio which is consistent with previous estimates [12,42].
Higher-order derivative analysis also supports our conclusion
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regarding the origin of the 810nm absorption band, see also
below.

Since broad bands make only minor contributions to higher
order derivatives, comparison of the higher derivative spectra
(in which the contributions from broad bands are insignificant)
of reduced and oxidized RCs appears to be useful. 2nd and 4th
derivative spectra of reduced and oxidized RCs are shown in
Fig. 8a and b. The 2nd derivative spectrum indicates that the
shift of the maximum of the oxidized RCs is significantly less
pronounced as compared to the initial absorption spectrum (see
Fig. 5). In the 5th derivative this shift is virtually absent. The
corresponding derivatives of the combined model bands
obtained for the spectrum of reduced RCs are given, with
exception of band 2 (Fig. 8a and b). Apparently, the derivatives
of this combination of model bands (without band 2) barely
differ from the corresponding derivatives of the absorption
spectrum of oxidized RCs. This clearly indicates that the main
difference between the set of relatively narrow model bands
(contributing dominantly to the higher derivatives) between
reduced and oxidized RCs is entirely due to band 2. The latter
observation confirms the above conclusion about association of
this band with the Py, of the BChl a dimer. Additionally, it
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Fig. 8. 2nd (a) and 5th (b) derivatives of absorption spectra of RCs from R.
sphaeroides. Circles represent the derivatives of the spectrum of reduced RCs.
Dotted lines are the derivatives of the absorption spectrum of oxidized RCs.
Dashed curves represent the derivatives of the envelope of the subbands into
which the absorption spectrum of the reduced RCs was decomposed (Fig 5a,
thick line). Additionally, the derivatives of the envelope of the model bands for
the absorption spectrum of reduced RCs with exception of band 2 are shown by
the solid line.
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Fig. 9. Low-temperature (77K) absorption spectra of reduced (solid line) and
chemically oxidized (dashed line) RCs of R. sphaeroides.

follows that the blue shift of integral band at approximately
800nm observed upon oxidation of RCs is caused primarily by
the disappearance of the Py, exciton component of the special
pair. The shift of the absorption band of monomeric BChls a
upon oxidation of RCs is considerably less pronounced (about
10cm ™).

Additional information for the study of the substructure of
complex optical spectra can be obtained from low-temperature
measurements. 77K absorption spectra of our RC preparations
in the reduced and oxidized states are represented in Fig. 9. 2nd
derivatives of these spectra are given in Fig. 10. A shoulder at
811 nm is clearly observed in the absorption spectrum of reduced
RCs. The inverted 2nd derivative of the absorption spectrum of
reduced RCs shows a pronounced maximum in this (811nm)
region. This particular feature disappears upon oxidation of the
RC and, consequently, can be attributed to the Py, band. This
observation indicates that the maximum of the Py, band is less
temperature-dependent than previously suggested [20]. Accord-
ingly it was assumed that P, peaks at 814nm (at 298K) or at
810nm (at 77K) [20]. Notably, the shift of the integral band at
approximately 800nm into the short-wavelength region upon
oxidation of RCs at 77K (Fig. 9) is less pronounced (2nm) than
at 298K (3.5nm, compare Fig. 5). The latter observation may be
explained by a significant narrowing of the absorption bands of
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Fig. 10. 2nd derivatives of the 77K absorption spectra of reduced (solid line) and
chemically oxidized (dashed line) RCs of R. sphaeroides.
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the individual RC components at 77K. Consequently, the
disappearance of the Py, band in oxidized RCs (providing the
most pronounced contribution to this shift) must lead to a less
pronounced effect at low temperatures.

Thus, as suggested by the results presented here, the method
of analyzing multicomponent spectral bands in absorption
spectra of purple bacterial RCs by higher-order derivative
spectroscopy provides useful information, in particular for the
identification of individual components of the complex integral
absorption band in the region around 800nm. The data can be
used, e.g., for a precise estimation of the magnitude of
electrochromic effects upon charge separation in RCs, as well
as for the calculations of interaction energies in the special pair
upon changing the ambient conditions (temperature, chemical
environment, etc.).

The results obtained in the present study indicate that the
upper exciton level Py, of the photo-active BChl a dimer in RCs
of R. sphaeroides has an absorption maximum of 810nm. The
blue shift of a complex integral band at approximately 800nm
as observed upon oxidation of the RCs is caused primarily by
bleaching of the Py, excitonic component, rather than by an
electrochromic shift of the absorption band(s) of the monomeric
BChls a, B, and Bg. Similarly, the disappearance of a band
peaking at 842nm in RC preparations from B. viridis upon
oxidation indicates that this band has also to be assigned to Py..
A blue shift of an absorption band peaking at approximately
830nm as observed upon oxidation of RCs of B. viridis is
caused essentially by the disappearance of Py., and not by an
electrochromic shift of the absorption bands of the monomeric
BChls b.

4. Conclusions

The knowledge of the exact position of the Py, energy level
has significant implications for the mechanisms of ultrafast EET
and charge separation in photosynthetic RCs. Indeed, the
overlap between the fluorescence spectrum of monomeric BChl
a molecules, first observed for functional RCs of R. sphaeroides
[43], and the absorption spectrum of the terminal excitation
energy acceptor is very low. Obviously, an intermediate energy
level between the levels of the donors (H, B) and the acceptor
(P) must exist to facilitate effective EET. Apparently, Py, serves
as this energetic intermediate. Our investigations indicate that
Py, peaks at 810 and 842nm for RCs of R. sphaeroides and B.
viridis, respectively. The maximum position of the P — Py
absorption band determined in this study for RCs of R.
sphaeroides (810nm at 296K) is very close to values
determined previously (811nm at 4.2K; 813nm at 77K and
805—-810nm at 8K [23,27,28]). It differs, however, from values
(825nm at 218K; 814 or 8§15nm at 77K) as presented in Refs.
[12,25,26]. The overlap between BChl a emission with ground
state absorption of P, is a significant factor influencing the rate
of BChl @ — Py, EET [44]. Based on time-resolved BChl a
fluorescence spectra [43] and calculated absorption properties
of Py, as depicted in Fig 6a (curve 6) and Table 2 it is deduced
that the BChl @ — Py, EET rate can achieve almost maximal
values. Owing to the precision of our Q, band decomposition

the peak position of the Py, band reported for the R. sphaeroides
RC is believed to be highly accurate. Very recently [45] we have
studied the spectral and temporal dynamics of the transient
states in the 780—830nm spectral region by transient absorption
spectroscopy with 70fs time resolution using similar R.
sphaeroides RC preparations as in the current communication.
It was found that Py, is located at 809nm for RCs of R.
sphaeroides [45], which is very close to the spectral position
(810nm) determined in this study. The upper exciton state Py
of P in B. viridis was found to be located at 842 nm. This value is
close to the calculated one (850nm) [20] but significantly
differs from previous results obtained by theoretical analyses of
absorption and CD spectra (811nm at RT) [11] as well as
dichroic transient absorption spectroscopy (855nm) [21]. Time-
resolved fluorescence spectra should be very useful for the
calculation of that particular Py, position for which the
maximum BChl b — Py, EET rate would be achieved in 5.
viridis RCs. The position of Py, in B. viridis RCs as determined
in this study by higher order derivative spectroscopy is a new—
independent—result useful for understanding EET mechanism
(s) in RCs of BChl b-containing purple bacteria. To further
substantiate our results time-resolved investigations of the
spectral dynamics in B. viridis RCs are currently underway in
our labs.

Another interesting result of the current study pertains to the
origin of the 4-5nm blue shift of the B band in R. sphaeroides
and B. viridis RCs upon dark oxidation of P. This shift is
generally explained by an electrochromic effect of the positive
charge created on P upon oxidation [14-16,25]. Our results
indicate that blue shift of the B band in oxidized R. sphaeroides
and B. viridis RCs is mainly caused by the disappearence of the
Py, excitonic band.

It is important to note that a more significant blue shift of the
B band is indeed observed when RC samples are in the
P'BH Q state [7,12—14,20,21,33]. This blue shift of B is
usually also explained as an electrochromic effect. We suggest
that the physical origin of the blue shift for RCs in the P'BHQ
and P"BH ™ Q states is different: In the P'BHQ state the electric
field of the point positive charge influences the B molecules. In
this case the electrochromic effect is rather weak and a 4nm
shift is the result of Py, band bleaching. In contrast, when an
electron is transferred to H, the monomeric B molecules are
located in the electrical field of the dipole P"—H . It is
suggested that—in the latter case—a pronounced blue shift (up
to 20nm) of the photoinduced transient absorption spectrum is
caused essentially by an electrochromic effect. Upon electron
transfer from H to Q,, the B molecules are assumed to be
subjected to an electric field of the P Q" dipole (P'BHQ,
state of RC). The influence of the electric field on the B
molecules in the configuration P"BHQ, is less pronounced than
that in the configuration P"BH Q,. Consequently, the photo-
induced blue shift of the B band in the former state (~10nm) is
two times less than in the latter case (~20nm). This supports our
proposal that the electrochromic shift of the B band is evoked by
the electric field of the dipoles P"'Q, or P"'Q,". In the dark-
oxidized RC (state P'BHQ,) the 4—5nm blue shift is essentially
the result of Py, bleaching.
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