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Abstract The D1-D2-cytochrome 5-559 reaction center com-
plex of photosystem II with an altered pigment composition was
prepared from the original complex by treatment with sodium
borohydride (BH, ). The absorption spectra of the modified and
original complexes were compared to each other and to the
spectra of purified chlorophyll « and pheophytin a (Pheo a)
treated with BH, in methanolic solution. The results of these
comparisons are consistent with the presence in the modified
complex of an irreversibly reduced Pheo a molecule, most likely
13'-deoxo-13'-hydroxy-Pheo a, replacing one of the two native
Pheo a molecules present in the original complex. Similar to the
original preparation, the modified complex was capable of a
steady-state photoaccumulation of Pheo” and P680*. It is
concluded that the pheophytin a molecule which undergoes
borohydride reduction is not involved in the primary charge
separation and seems to represent a previously postulated
photochemically inactive Pheo a molecule. The Q, and Q
transitions of this molecule were determined to be located at 5°C
at 679.5-680 nm and 542 nm, respectively.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Recent studies performed on bacterial reaction centers
(RCs) have shown that chemical modification of the RC chro-
mophores by the exchange procedure [1,2] or with borohy-
dride (BH, ) treatment [3-6] is a powerful way to investigate
the contribution of particular pigments to the spectral and
electron-transfer properties of RCs. It is of great interest to
apply similar methods to the isolated D1-D2-cytochrome (cyt)
b-559 reaction center complex of photosystem II (PS II) [7],
the spectroscopic and functional studies of which are seriously
complicated by the fact that at least six chlorophyll and two
pheophytin molecules contribute to the Q, absorption band of
the complex in the range of 670-680 nm [8-12]. It has been
previously shown [13] that borohydride treatment of a PS II
complex, containing the PS II RC together with some tightly
bound Chl a/b-proteins, leads to distinct changes in the ab-
sorption spectrum of the complex. However, the absorbance
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changes related to the reaction center pigments have not yet
been specified [13].

Here, we report on the preparation and the initial spectral
and photochemical characterization of the chemically modi-
fied D1-D2-cyt 5-559 reaction center complex obtained by the
reaction of the constituent pigments with sodium borohy-
dride.

2. Materials and methods

The D1-D2-cyt 5-559 complex was isolated from sugar-beet chlo-
roplasts as described earlier for spinach [14,15], using the method
developed by Nanba and Satoh [7]. The Q, absorption band of the
complex was located at 5°C at 675-675.5 nm. The absorption spectra
of the samples from different isolations showed some variation of the
amplitude of the carotenoid peak at 485 nm due probably to the
presence of two forms of the RC complex [16]. However, that did
not affect the results described in this communication. In the borohy-
dride treatment experiments, various amounts of solid NaBH, (Sig-
ma) were added to the complex suspended in buffer Tris-HCI (100
mM; pH 7.2)/0.05% n-dodecyl-B-p-maltoside (DM) (Sigma). All op-
erations were performed at 5°C in dim green light. The titration with
NaBH, was followed by absorption spectroscopy using a UV-1601PC
spectrophotometer (Shimadzu). For this purpose, absorption and ab-
sorption difference spectra (treated-minus-original sample) were re-
corded at 5°C at appropriate time intervals after an addition of
NaBH, and then new portions of NaBH, were added; the final pH
of the solution was less than 9.0. When the amplitude of the absorp-
tion increase at 655 nm reached its maximum (see Section 3), the
borohydride-treated complex was dialyzed extensively against Tris-
HCI (50 mM; pH 7.2)/0.05% DM. Then both the borohydride-treated
and original (untreated) preparations were separately loaded onto
Fractogel TSK DEAE-650(S) (Merck) columns, washed with Tris-
HCI (50 mM; pH 7.2)/0.05% DM/30 mM NaCl and eluted with the
same buffer containing 150 mM NaCl. For the borohydride-treated
complexes this purification procedure was repeated twice. The chlo-
rophyll @ concentration in the complexes was determined optically
using an extinction coefficient of 103 mM~! cm™! at the red peak
of the absorption spectra [17].

To compare the ability of the complexes to photoaccumulate Pheo™
or P680", the light-minus-dark absorption difference spectra were
measured point by point at 10°C with a phosphoroscopic setup [18]
in a vacuum-tight quartz cuvette (optical pathlength of 1 cm) contain-
ing the sample degassed by a mild application of vacuum. Essentially
the same experimental conditions (concentration of RC complexes,
actinic light intensity) were used for the untreated and modified sam-
ples. The photoaccumulation of Pheo™ was measured in the presence
of 1 uM methyl viologen and 6 mM sodium dithionite [7]. To photo-
accumulate P680*, 450 mM silicomolybdate (final concentration) was
added to the sample [19], and prior to the measurements the sample
was preilluminated for 45 s with continuous red light (A > 630 nm,
~ 50 mW/cm?) in order to bleach B-carotene irreversibly [20,21].

Chlorophyll @ and pheophytin a were prepared from nettle using
standard procedures and purified by column chromatography on sug-
ar powder [22]. The reactions of purified Chl ¢ and Pheo a with
NaBH, were carried out at 5°C in methanolic solution under condi-
tions similar to those used in [13,23].
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3. Results

Fig. 1A,B shows that titration of the D1-D2-cyt 5-559 re-
action center complex with NaBH, leads to distinct changes in
the absorption spectrum of the complex. In the early stages of
treatment, a preferential reaction of BH, with the reaction
center pheophytin « takes place that manifests itself as a pro-
nounced decrease in absorption of the Q. band of Pheo a at
542 nm, an absorption decrease in the Pheo a Q, region at
680 nm and in the appearance of absorption of the product
near 655, 500 and 400 nm. Another, somewhat slower reac-
tion leads to an absorption decrease of Chl ¢ near 670 nm and
to the appearance of the reaction product absorption near 640
and 410 nm. As expected, the absorbance changes at 559, 429
and 415 nm are observed due to the reduction of cytochrome
b-559 [10].

In order to identify the products formed by treatment of the
RC pigments with NaBH,, the reactions of purified Pheo a
and Chl ¢ with NaBH, in methanolic solution were studied.
In accordance with earlier reports [13,23], the borohydride
reduction of Chl « led to a decrease of its absorption bands
at 665 and 432 nm and to the appearance of the two main
bands of the product at 633 and 410 nm. This product has
been previously established to be 13'-deoxo-13!-hydroxy-Chl
a [13,23]. In the case of Pheo a, the decrease in its absorption
bands at 665, 538, 507 and 410 nm was accompanied by the
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Fig. 1. Absorption (A) and absorption difference (B) spectra of the
isolated D1-D2-cyt b-559 complex treated with NaBH,. A: Absorp-
tion spectra of the complex before (solid line) and after (dashed
line) 150 min treatment with NaBH, (final concentration is ~2 mg/
ml). Inset: Absorption spectra of the complex in the green region
before and after NaBH, treatment for 20, 50, 80 and 150 min. The
arrows show the directions of the absorbance changes at 542 and
559 nm. B: Difference spectra obtained by subtraction of the origi-
nal absorption spectrum of the D1-D2-cyt 5-559 complex (A, solid
line) from the absorption spectra taken at 20, 50, 80 and 150 min
after the start of NaBH, treatment. The arrows show that the am-
plitude of the absorbance changes successively grows with the in-
crease in the time of treatment. The spectrum with the largest am-
plitude is the difference between the absorption spectra shown in A.
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Fig. 2. A: Absorption spectra of the D1-D2-cyt 5-559 complex be-
fore (solid line) and after NaBH, treatment and subsequent purifica-
tion on DEAE-cellulose (dashed line). The spectra are normalized at
623 nm. Inset: Enlargement of the pheophytin a Qy region of the
absorption spectra. The spectra are brought into coincidence in the
region of 555-560 nm. The short dashed line shows the expected
‘baseline’ used to determine the absorbance of Pheo a at 542 nm
(see Section 3). B: The difference between the absorption spectra of
the D1-D2-cyt b-559 complexes presented in A, ‘treated-minus-un-
treated complex’ (solid line) and the absorption difference spectra
for the reactions of the purified pheophytin a (dashed line) and
chlorophyll @ (dotted line) in methanolic solution with NaBH,. The
difference spectra for the pigments were obtained by subtraction of
the original absorption spectra from those after treatment with
NaBH,. The treatment time was about 1 h for both Chl « and
Pheo a. All the difference spectra are normalized at their long-wave-
length minima (the delta absorbance values refer to the spectrum of
the complex). The value numbers show the wavelength positions of
the extrema in the difference spectrum of the complexes.

appearance of the bands of the product at 652, 500 and 395
nm. As these spectral changes are similar to those found for
the selective reduction at C-13! of the closely related pig-
ments, methyl pheophorbides [23,24], the NaBH, reduction
product of Pheo a is most likely 13'-deoxo-13'-hydroxy-
Pheo a. The absorption difference spectra for the described
reactions of free Pheo a and Chl ¢ with NaBH, in methanolic
solution are given in Fig. 2B (dashed and dotted line, respec-
tively). A comparison of these spectra with the difference
spectra presented in Fig. 1B indicates that both 13'-deoxo-
13!-hydroxy-Pheo a and 13!-deoxo-13'-hydroxy-Chl a are
formed in the course of NaBH, treatment of the D1-D2-cyt
b-559 complex although their absorption maxima seems to be
slightly shifted to the red as compared to methanolic solution.

Some time after the start of the reaction of the D1-D2-cyt
b-559 complex with NaBHy,, the formation of 13'-deoxo-13'-
hydroxy-Pheo «a is completed as judged from the lack of
growth in the absorption at 655 nm (Fig. 1B). At this mo-
ment, we stopped the addition of NaBHy, and the preparation
was dialyzed followed by two-step purification on a DEAE-
cellulose column (see Section 2). Fig. 2A shows the absorption
spectra of the purified NaBH,-treated (dashed line) and un-
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Fig. 3. A,B: Light-minus-dark difference spectra of reversible ab-
sorbance changes in the original (open circles) and NaBH,-treated
(closed circles) D1-D2-cyt 5-559 complexes in the presence of 6 mM
sodium dithionite and 1 uM methyl viologen (A) or 450 uM silico-
molybdate (B). A: Chlorophyll concentration was about 5.1 pg/ml.
Samples were excited with red actinic light (A>630 nm; ~7 mW/
cm?). B: Chlorophyll concentration was about 3.4 ug/ml. Actinic
light was as in A. Samples were preilluminated with red light for 45
s (see Section 2). Inset: Enlargement of the Q, region of the light-
minus-dark difference spectra.

treated (solid line) complexes normalized to the amplitude at
the isosbestic point at 623 nm (see Fig. 1). Fig. 2B demon-
strates that the difference between these normalized spectra
(solid line) includes the spectral features related to both 13-
deoxo-13'-hydroxy-Pheo a and 13'-deoxo-13'-hydroxy-Chl a
but the latter are much less pronounced. A mean value of the
ratio of absorbance change at 640 nm to that at 655 nm was
0.17. Based on this value and on a ratio of the differential
extinction coefficients for the reduced free pigments (Fig. 2B,
dashed and dotted lines), the presence of 0.1 molecule of 13!-
deoxo-13!-hydroxy-Chl a per molecule of 13!-deoxo-13!-hy-
droxy-Pheo a was estimated for the purified complex.

The absorbance at 542 nm in the normalized absorption
spectrum of the purified complex was found to be 53 2%
of that in the spectrum of untreated samples (Fig. 2A, inset).

Fig. 3A,B compares the photochemical activity of the orig-
inal and NaBH,-treated preparations at equal concentrations
of RC complex that was obtained using samples with an equal
absorbance at the isosbestic point at 623 nm. Fig. 3A shows
the spectra of reversible absorbance changes induced by illu-
mination of the NaBHjy-treated (closed circles) and untreated
(open circles) complexes in the presence of sodium dithionite
and methyl viologen. The spectra are close to each other both
in shape and in amplitude and show all the characteristics of
Pheo a reduction [25]. The negative peaks at 420, 515, 543,
682 nm and positive peaks at 445, 595, 656, 672 nm are sim-
ilar to those previously reported for the Pheo™-minus-Pheo
spectrum [7,19,26].

The spectra of light-induced reversible absorbance changes
obtained for both types of complexes incubated with silico-
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molybdate (Fig. 3B) show the structure characteristic of
P680"-minus-P680 [19,20,27-29]. It includes bleaching around
432 and 680 nm, a shoulder near 670 nm and a broad absorp-
tion increase with an equal amplitude of the signals between
720 and 840 nm (not shown). As compared to the untreated
complex, the maximum of the bleaching in the Q, region of
the borohydride-treated preparation is blue-shifted from 680
to 678 nm, and a shoulder near 670 nm is more pronounced
(Fig. 3B, inset).

4. Discussion

The results presented here show that purification of the
NaBHy-treated D1-D2-cyt 5-559 complex by repeated chro-
matography on DEAE-cellulose yields a modified complex
containing reduced pheophytin @, most likely 13'-deoxo-13'-
hydroxy-Pheo a, instead of the native Pheo ¢ molecule ab-
sorbing near 679.5-680 and 542 nm (Fig. 2A,B).

The notable peculiarity of the reaction of the D1-D2-cyt b-
559 complex with NaBH, is that the reduction of Pheo a to
13'-deoxo-13'-hydroxy-Pheo @ terminates after some time
(Fig. 1B). This results in about 50% decrease in absorption
at 542 nm as follows from a comparison of the normalized
absorption spectra of the original and modified complexes
after purification (Fig. 2, inset). These data are consistent
with the presence in the original D1-D2-cyt »-559 complex
of two Pheo a molecules which absorb equally at 542 nm
but differ in their accessibility and/or reactivity to borohy-
dride. Of these two Pheo a molecules, only one seems to be
reduced by BH, at the C-13! position without a concomitant
degradation of the complex. This explanation is in agreement
with the now widely accepted assumption that there are two
Pheo a molecules per reaction center complex [7].

After two-step purification, only a minor fraction of the
modified complexes (about 10%) contains 13'-deoxo-13'-hy-
droxy-Chl a. The modified complexes with the reduced Chl «
seem to be relatively unstable and are lost during repeated
chromatography on DEAE-cellulose.

The observation that the Pheo™ -minus-Pheo absorption dif-
ference spectra obtained for the original and borohydride-
treated complexes with equal RC concentration are close to
each other both in shape and in amplitude (Fig. 3A) indicates
that the photochemical activity of the modified complex is
comparable to that of the original preparation. It suggests
that the Pheo ¢ molecule which takes part in photo-induced
electron transfer is not largely perturbed by BH, treatment
and, consequently, that 13'-deoxo-13!-hydroxy-Pheo a
present in the modified complex originates from the modifica-
tion of the Pheo a molecule which is not involved in the
primary charge separation. Based on this consideration, we
conclude that the borohydride-treated Pheo a seems to repre-
sent a previously postulated pheophytin ¢ molecule located in
the inactive branch of the PS II RC [10,30] and assign to this
molecule the Q, and Q transitions at 679.5-680 nm and 542
nm, respectively. This assignment implies that the Q, transi-
tion of photochemically inactive Pheo « is located at longer
wavelengths than was presumed earlier (672-673 nm) [29].
The location of the Q, transition of this molecule at 542 nm
corresponds to that determined at 10 K [31] but differs from
that (537 nm) reported for 77 K [30].

The preserved ability of the borohydride-treated complex to
photoaccumulate Pheo™ suggests that the primary electron
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donor remains functionally active in the modified preparation.
This is confirmed by the similarity in shape and amplitude
between the absorption difference spectra for accumulation
of P680™, measured for the untreated and modified complexes
in the presence of silicomolybdate (Fig. 3B). Note, however,
that the differences in the structure of these spectra in the red
region (Fig. 3B, inset) seem to reflect some alterations in the
shape and/or position of the bleaching Q, absorption band of
the primary electron donor in the modified complex.
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