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D1-D2-Cytochrome 5559 Complex from the Aquatic Plant Spirodela oligorrhiza:
Correlation between Complex Integrity, Spectroscopic Properties, Photochemical

Activity, and Pigment Composition®
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Biochemistry Department and Department of Plant Genetics, Weizmann Institute, Rehovot 76100, Israel
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ABSTRACT: A DI1-D2-cyt 559 complex with about four attached chlorophylls and two pheophytins has
been isolated from photosystem II of the aquatic plant Spirodela oligorrhiza and used for studying the
detergent-induced changes in spectroscopic properties and photochemical activity. Spectral analyses (ab-
sorption, CD, and fluorescence) of D1-D2-cyt 5559 preparations that were incubated with different con-
centrations of the detergent Triton X-100 indicate two forms of the D1-D2—cyt 5559 complexes. One of
them is photochemically active and has an absorption maximum at 676 nm, weak fluorescence at 685 nm,
and a strong CD signal. The other is photochemically inactive, with an absorption maximum at 670 nm,
strong fluorescence at 679 nm, and much weaker CD. The relative concentrations of the two forms determine
the overall spectra of the D1-D2-cyt 5559 preparation and can be deduced from the wavelength of the lowest
energy absorption band: preparations having maximum absorption at 674, 672, or 670.5 nm have ap-
proximately 20, 60, or 85% inactive complexes. The active form contains two chlorophylls with maximum
absorption at 679 nm and CD signals at 679 (+) and 669 nm (). These chlorophylls make a special pair
that is identified as the primary electron donor P-680. The calculated separation between the centers of
these two pigments (using an extended version of the exciton theory) is about 10 A, the pigments’ molecular
planes are tilted by about 20°, and their N,—Nj axes are rotated by 150° relative to each other. The other
two chlorophylls and one of the two pheophytins in the D1-D2-cyt 5559 complex have their maximum
absorption at 672 nm, while the maximum absorption of the photochemically active pheophytin is probably
at 672-676 nm. During incubation with Triton X-100, the photochemically active complex is transformed
into an inactive form with first-order kinetics. In the inactive form the maximum absorption of the 679
nm absorbing Chls is blue-shifted to 669 nm. The first-order decay of the photochemical activity suggests
that the isolated D1-D2-cyt 5559 complex is stable as an aggregate but becomes unstable on dissociation

into individual D1-D2-cyt 4559 units.

Light-induced electron transfer from a primary electron
donor (P) to a primary electron acceptor (I) in the photo-
synthetic reaction center (RC) results in the formation of an
electrochemical potential that drives biological photosynthesis
(Okamura et al., 1982). Although the RCs of nonoxygenic
bacteria have been characterized in great detail, there is still
controversy about the electron-transfer mechanism in the early
steps of photosynthesis. [For a recent review of possible
mechanisms, see Warshel et al. (1988)]. Structural and
functional characterization of the oxygenic RCs, followed by
comparison to nonoxygenic ones, could reveal further infor-
mation on the nature of the primary reactants and the un-
derlying mechanisms of photosynthetic charge separation.

Among other important results, the recent X-ray crystal-
lographic studies of bacterial RCs (Deisenhofer et al., 1985;
Chang et al., 1986; Allen et al., 1987) have confirmed the
pigments’ organization roughly determined by other spectro-
scopic techniques. Of particular importance is the observation
of a special pair of bacteriochlorophylls (Bchls), which had
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been predicted to constitute the primary electron donors P-860
and P-960 in Rhodobacter (Rb.) sphaeroides and Rhodop-
seudomonas (Rps.) viridis, respectively, by paramagnetic
resonance (Norris et al., 1971, 1975; Feher et al., 1975), optical
detection of magnetic resonance (Den Blanken et al., 1982),
absorption (Vermeglio & Clayton, 1976), and circular di-
chroism (CD) (Shuvalov & Asadov, 1979; Parson et al., 1984;
Scherz & Parson, 1984b). Hence, it might be possible to
roughly determine the pigment organization in the oxygenic
RCs by spectroscopic techniques.

Nanba and Satoh (1987) recently isolated from the oxy-
gen-evolving photosystem IT (PSII) a chlorophyll-protein
complex that has features similar to those of the bacterial RC.
First, the isolated complex, termed D1-D2-cyt 559, can
sensitize light-induced electron transfer (Nanba & Satoh,
1987; Barber et al., 1987a,b; Chapman et al., 1988; McTavish,
1989; Wasielewski et al., 1989). Second, it contains two major
polypeptides, termed D1 and D2, that have significant hom-
ologies to the L and M apoproteins of the bacterial RC
(Williams et al., 1984; Hearst et al., 1984; Trebst & Depka,
1985; Michel & Deisenhofer, 1988). Third, the D1-D2 po-
lypeptide complex binds four or five chlorophylls a (Chla) to
each two pheophytin @ (Phea) molecules, one non-heme iron
and one S-carotene (Barber et al., 1987a; Nanba & Satoh,
1987; Van Dorssen et al., 1987; Satoh, 1989). In the PSII
core complex, the D1 polypeptide binds plastoquinone mole-
cules as well (Marder et al., 1986). This composition resembles
that of the bacterial RC, where one finds four bacterio-
chlorophylls (Bchl), two bacteriopheophytin (Bphe), two
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quinones, one non-heme iron, and one carotenoid. However,
Dekker et al. (1989) have recently claimed that there are
approximately 11 chlorophylls to each 2-3 pheophytins and
2 cyt 5559 in the PSII RCs. This would imply that the D1-
D2-cyt 5559 complex contains a much larger number of Chls
than previously thought and that RC is made of two D1-
D2-cyt 5559 complexes.

Further characterization of the PSII RC has been hampered
by the variability of its spectroscopic properties. The position
of the lowest energy absorption maximum of different D1-
D2-cyt b559 preparations varies between 670 nm (Van
Dorssen et al., 1987), 672 nm (Newell et al., 1988), 673-674
nm (Nanba & Satoh, 1987; Tetenkin et al., 1989), and 676
nm (Seibert et al., 1988; Scherz et al., 1988a,b; Breton, 1989).
Different shapes for the CD signals have been reported by Van
Dorssen et al. (1987) and by Newell et al. (1988). Different
values also have been reported for the fluorescence intensity
and band position (Van Dorssen et al., 1987; Newell et al.,
1988). The spectroscopic variability was accompanied by
inconsistency of the reported quantum yield of photochemical
activity (Takahashi et al., 1987; Chapman et al., 1988;
McTavish et al., 1989) and was suggested to reflect an in-
stability of the isolated PSII RC (Braun et al., 1988; Scherz
et al., 1988a,b; Seibert et al., 1988).

The origin of the spectral instability of the isolated D1-
D2-cyt b559 complex and its relation to the photochemical
activity are not clear. Seibert et al. (1988) and McTavish et
al. (1989) could keep a D1-D2-cyt b559 complex with rela-
tively high photochemical activity for hours by replacing the
TX-100 [a detergent added to separate the PSII RC core
complex (Satoh, 1989) into smaller components] with lauryl
maltoside (LMa). However, the LMa-D1-D2-cyt 5559
complex has maximum optical absorption at 674 nm, whereas
three reports have indicated that the maximum absorption of
a freshly isolated D1-D2-cyt 5559 complex is at 676 nm
(Scherz et al., 1988a,b; Seibert et al., 1988; Breton, 1989).
Furthermore, although the rate of the absorption blue shift
was profoundly slowed down, using LMa instead of the TX-
100 could not prevent a shift to 673—674 nm in about 2 days
even when the sample was stored at 4 °C and in the dark. This
could mean that the detergent effect on the spectral properties
and the photochemical activity of the isolated PSII RCs is not
limited to TX-100.

The spectral difference between the LMa-stabilized D1-
D2-cyt 5559 preparation and the freshly isolated one could
indicate either that the former is a heterogeneous sample that
contains some disintegrated complexes (Braun & Scherz,
1988) or that it is a homogeneous solution of a slightly
modified yet fully active form of the PSII RC (McTavish et
al., 1989, Tetenkin et al., 1989). Since a meaningful char-
acterization of the complex depends on whether the preparation
is photochemically active or not, there is a need to correlate
the integrity of the D1-D2—cyt 5559 complex with its spectral
properties. Such a correlation may provide guidelines for
increasing the stability of the complex and at the same time
shed light on the assembly of the D1-D2 polypeptides and their
prosthetic groups. To that end, we have incubated different
concentrations of the D1-D2-cyt 5559 complex from Spi-
rodela oligorrhiza in TX-100-containing buffer, while exam-
ining their spectra (absorption, CD, and fluorescence) and
photochemical activity. Preliminary reports have been given
by Braun and Scherz (1988) and by Scherz et al. (1988a,b).

MATERIALS AND METHODS

Isolation of the DI1-D2-Cyt b559 Complex. The D1-D2-
cyt b559 complex was isolated from the aquatic plant S.
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FIGURE |: Polyacrylamide gel electrophoreses of the D1-D2—cyt 5559
complex from S. oligorrhiza. Electrophoresis was carried out on SDS
slab gels containing a 10-20% gradient of polyacrylamide with a 5%
stacking gel (Laemmli, 1970). The major D1-D2-cyt 5559 fractions
from the DEAE-Fractogel column (30 uL) were loaded along with
sample buffer (8 uL of 3% SDS). After running, the gel was stained
with Coomasie Blue. The positions of prestained molecular size
markers (from Pharmacia; given in kDa) in sample buffer are indicated
by tick marks. (a) D1-D2 aggregates; (b) D21; (c) D2; (d) cyt b559
(« subunit).

oligorrhiza grown on half-strength Hutner’s medium (Posner,
1967) following a modification of the procedure reported by
Marder et al. (1987). Plant tissue was disrupted in an ice-cold
medium consisting of 0.4 M sucrose, 10 mM Tricine, (pH 8.0),
10 mM NaCl, and 10 mM MgCl, with a blender fitted with
razor blades and then homogenized in a motor-driven
glass/glass tissue grinder. The crude homogenate was passed
through one layer of Miracloth (Calbiochem) and the filtrate
centrifuged for 1 min at 500g to pellet unbroken cells and other
large fragments. The supernatant was subjected to further
centrifugation at 3000g for 12 min to obtain the thylakoid
fraction. The membrane fraction was washed with 20 mM
Tricine (pH 8.0) containing 150 mM NaCl and 10 mM MgCl,
and recentrifuged, and the resulting pellet was suspended in
20 mM MES/10 mM MgCl, (pH 6.5) to a Chla concentration
of ~2 mg/mL. After the addition of TX-100 [Chl:TX-100
= 1:21 (w/w)], the suspension was incubated for 20 min in
the dark at 4 °C. Solubilized membranes were separated from
the incubated suspension by centrifugation at 18000g for 40
min and then treated with 4% TX-100 (v/v) in 50 mM Tris
(pH 7.2) for 1 h on ice in the dark with stirring. This was
followed by centrifugation of this mixture for 1 h at 100000g.
The resulting supernatant was layered onto a DEAE-Fractogel
(Merck) ion exchange column that was equilibrated with 50
mM Tris buffer (pH 7.2) containing 0.2% Triton X-100. The
majority of the chlorophyll added to the column was removed
by extensive washing with the 0.2% Tris/TX-100 buffer
containing 30 mM NaCl. Purified D1-D2-cyt 559 complex
was eluted by a continuous NaCl gradient (30-400 mM) in
the Tris/TX-100 buffer. All preparation steps were performed
at 4 °C. The DI-D2—cyt 5559 fraction was identified by
optical spectroscopy and sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis (Figure 1).

Analyses of the Porphyrin Content of the D1-D2-Cyt b559
Complex. The Chla and Phea content of the D1-D2-cyt 559
complex was determined as follows. The chromophores were
extracted into 3:1 ethanol:hexane. The hexane phase was
separated and dried. The Chla/Phea mixture was redissolved
in acetone for high-pressure liquid chromatography in 1:9 (v/v)
acetonitrile:methanol with a C18, reversed-phase, 25.00 X 0.46
cm Vydac TP20154 column [after Ben-Amotz et al. (1989)]
or for immediate spectroscopic analysis. To determine the
Chla and Phea content from the mixtures’ spectrum in acetone,
we employed

x = 0.013(0ODy;; — 0.540Dys;) — 0.0120Dy, )
y= 0‘0I80D662 = 0.009(OD“| - 0‘540D482)
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where x and y give the millimolal concentrations of Phea and
Chla, respectively, using the specific extinction coefficients of
Chla and Phea at 411 and 662 nm in wet acetone (Lichten-
thaler, 1987). ODy,,,, ODy;,, and ODy, are the experimental
optical densities at 411, 482, and 662 nm, respectively. The
cyt 6559 level was determined as described by Barber et al.
(1987b).

Determination of the Pigment to Protein Ratio. The protein
content of the D1-D2-cyt 559 preparation was determined
by the Bradford reaction with Bio-Rad (Bio-Rad Laboratories)
reagents. For protein standards we used bovine serum albu-
min, purified PSII light-harvesting complexes (LHII), and
RC:s from the purple bacterium Rb. sphaeroides. The pigment
content in the green plant complexes was determined from
their absorption at ~676 nm by each of the following methods:
(a) by use of an extinction coefficient of 74 mM™! cm™ as
recommended by Dekker et al. (1989); (b) by use of formula
1 as described earlier; (c) from the Phea content after pheo-
phytinization of the Chls (Vernon, 1960) with extinction
coefficients of g5 = 51.88 and ¢yq4 = 126 mM™ cm™!. The
bacteriochlorophyll content in the bacterial RCs was deter-
mined from their absorption at 855 nm with an extinction
coefficient of 1.3 X 10° M~ cm™ (Straley et al., 1973). The
protein content in the bacterial RCs and LHII determined with
the albumin standard had to be divided by 2 to match the value
determined from the spectroscopic measurements.

Depletion of TX-100. TX-100 was removed from the D1~
D2-cyt 5559 preparation by addition of up to 1 g of SM-2
Bio-Beads (Bio-Rad) for each 34 ug of Chla and incubation
on ice for 2 h in the dark. The depletion of the TX-100 was
followed by measurement of the absorption at 275 nm (where
TX-100 in Tris buffer has a relatively narrow absorption
band). Partial removal of TX-100 was achieved by incubation
with reduced amounts of SM-2 Bio-Beads. The residual
concentration of the detergent was determined from the ab-
sorption at 275 nm with

(TX-100] = (OD$ - ODRPY /'™ (2

where e]571% = 22 is the absorbance of Tris [0.02 M, pH 7.2,
30~-400 mM NaCl/TX-100 (1%)] in a 1-cm cuvette at 275
nm, ODS% is the experimental optical density (OD), and
ODP/P? is optical density of the TX-100-depleted complex
including scattering effects.

Measurement of Photochemical Activity. The photochem-
ical activity of the D1-D2—yt 5559 complex was determined
by following the reversible absorbance changes due to pho-
tochemical accumulation of Phea under the reducing condi-
tions described by Nanba and Satoh (1987). An Aminco
dual-wavelength spectrophotometer (in the split-beam mode)
equipped with a 300-W quartz—iodine actinic lamp (supplied
with a heat filter and an additional Schott RG-665 filter) was
used to read the absorbance change after 30 s of illumination.
The samples’ temperature was kept at 3—4 °C, and the light
intensity at the cuvette surface was 2400 uE m2s™!. A solution
of CuSQ, was positioned in front of the photomultiplier. The
photochemical activity was measured for complexes that had
been incubated (on ice in the dark) either with 0.2% TX-100
or with no TX-100. To solubilize aggregates formed in the
TX-100-depleted preparation, the sample was mixed with Tris
buffer containing 0.2% TX-100, to a final concentration of
0.1%, just before the measurement of photochemical activity.

Measurement of Optical Absorption, CD, and Fluorescence.
Optical absorption spectra were recorded by a computerized
Milton-Roy Spectronics 1201 spectrophotometer. CD spectra
were obtained on a home-built, computerized dichrograph.
Fluorescence was measured by a Perkin-Elmer MPF44 fluo-
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FIGURE 2: Optical absorption of a D1-D2—cyt 5559 complex from
S. oligorrhiza in Tris (0.05 M, pH 7.2)/TX-100 (0.2%), immediately
after separation from a DEAE-Fractogel column. (Insert) Reversible
absorption changes after addition of 1 xM methyl viologen and | mg
of sodium dithionite per 1 mL of the complex and illumination for
30s. The conditions for illumination are given under Materials and
Methods.

rometer. All measurements were made at 4 °C,

Spectra Deconvolution and Derivation. Spectra deconvo-
lution into Gaussians was carried out by an IBM mainframe
computer using the programs CURFIT (written in Fortran) and
CDMASTER (written in Turbo Pascal). The accuracy of this
method and its applicability to Chl aggregates are discussed
elsewhere (Katz et al., 1978; Uehara et al., 1988). The pro-
grams first convert the experimental spectra from wavelength
(A) to wavenumber (cm™') domain. Then, they search for
second and fourth derivatives, from which the peaks’ locations
are deduced. The contribution of higher energy bands (e.g.,
the Q%! transitions of the Chls and the Phes) to the lowest
energy band (i.e., the 9,9 transition) is found and subtracted
from the experimental curve, and the difference is fitted with
the minimum number of Gaussians or Lorentzians. The
goodness of fitting is given by n = (1/m)X7.,(z - x)2/x/,
where z and x are the calculated sum of the resolved Gaussians
and the experimental reading at i nm, respectively, and 7 is
the number of readings. The calculated spectrum is converted
back to the wavelength domain for presentation.

RESULTS

Pigment Content of the DI-D2-Cyt b559 Complex. The
porphyrin to protein ratio in the D1-D2—cyt 5559 complexes
isolated as described was determined to an average value of
five to seven porphyrins per 78-kDa protein complex. The
number of Chla molecules to each Phea determined by HPLC
ranges from 2.15 to 2.5. The ratio obtained from analyses of
the acetone extract is ~2.20. For each four Chla we found
one cyt b559. Combining these data with the ratio of five to
seven porphyrins to each 78-kDa protein, we conclude that the
D1-D2-cyt 5559 complex that has been isolated from S.
oligorrhiza as described contains four Chla, two Phea, and
one cyt 6559 molecule. The slight deviation that is observed
experimentally could be due to (a) minor contamination (<-
0.2%) with CP47, (b) free Chls that absorbed to the TX-
100-D1-D2 complex in the early steps of the ion exchange
chromatography, and (c) inaccuracy of the HPLC method.

Spectroscopic Properties and Photochemical Activity of the
Freshly Isolated DI-D2-Cyt b559 Complex. The optical
absorption spectrum of the isolated D1-D2—¢cyt 559 PSII RC
measured immediately after separation from the ion exchange
column is shown in Figure 2. A similar absorption spectrum
was reported for an 85-kDa DI1-D2-cyt 559 complex
(Thornber et al., 1988) isolated from thylakoid membranes
by “green gel” electrophoresis (Thornber et al., 1986, 1987,
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FIGURE 3: (a) Optical absorption spectra of freshly prepared D1-
D2—cyt 559 complex (—) and a D1-D2—cyt 559 complex that have
been continuously illuminated for 20 min at 4 °C by white light (200
uE/m?) (--). Spectra were recorded at 4 °C. (b) Difference spectra
between nonilluminated and illuminated D1-D2~cyt 559 complex.
(¢) Gaussian convolution of the D1-D2—cyt 5559 lowest energy ab-
sorption: (—+-) 679-nm component; (—+—) 672-nm component; ()
669-nm component; (--) tail of higher energy transitions (Q,*!); (—)
sum of the Gaussian components.

Peter et al., 1988, 1989). The 676 nm absorbing D1-D2-cyt
b559 isolated in the present study also migrates as an 85-kDa
complex, on polyacrylamide gels with the nondenaturing
system of Thornber et al. (1988) (Braun and Scherz, unpub-
lished data).

As previously reported (Scherz et al., 1988a,b; Seibert et
al., 1988), the freshly isolated D1-D2—cyt 4559 complexes had
absorption maxima at 676-677, 543, 483, and 416 nm. Re-
versible bleaching at 430, 515, and 545 nm as well as a re-
versible absorption increase at 450 nm could be induced by
illumination (Figure 2 insert) for a period of 30 s in the
presence of sodium dithionite (1 mg/mL) and methyl viologen
(1 uM). Continuous illumination with low light intensity (200
wE m2571) in the absence of dithionite and methyl viologen
irreversibly bleached ~35% of the lowest energy absorption
band and ~25% of the absorption at 432 nm. The spectra of
illuminated and nonilluminated samples and their difference
are shown in Figure 3a,b. The difference spectrum is nearly
identical with that of P-680 (Van Gorkom et al., 1975), with
peaks at 679, 621, 486, and 432 nm.

The second derivative of the absorption spectrum of freshly
isolated D1-D2-cyt 559 complexes reveals that the 676 nm
absorption band consists of two major components with
maxima at 679 and 672 nm and a minor component with a
maximum at 669 nm (Figure 4a).

The CD spectrum of the 676 nm absorbing D1-D2-cyt 5559
complex (Figure 5a) is markedly different from the CD spectra
of Chlg and Phea monomers in vitro (Houssier & Sauer, 1970)
but resembles the spectrum of Chla dimers and larger ag-
gregates in vitro (Houssier & Sauer, 1970; Figure 5b). In the
lowest energy region, the CD signal peaks at 682 nm (+) and
666 nm (-) and contains two components. Only one of these
two components bleaches upon continuous illumination in the
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FIGURE 4: (a) Second derivative of a D1-D2-cyt 5559 optical ab-
sorption. (Upper trace) Absorption derivative of a freshly isolated
complex. (Lower trace) Absorption derivative of a complex after 3
days of incubation on ice in the dark. (b) Second absorption derivatives
of D1-D2—-cyt 559 complexes during incubation in Tris (0.02 M,
pH 7.2)/TX-100 (0.2%) on ice in the dark and after smoothing: (—+-)
freshly isolated complex (maximum OD at 676 nm); (—) 2 h of
incubation (maximum OD at 674 nm); (—-) 24 h of incubation
(maximum OD at 672 nm); (-+) 100 h of incubation (maximum OD
at 671 nm).

absence of reducing agents (Figure 5¢). The light-dependence
CD can be fitted by two Gaussians (using the CURFIT program)
with maximum intensity at 679 nm (+) and 669 nm (-). The
light-independent CD signal can be fitted by two Gaussians
that peak at 673 nm (+) and 671 (-) (Figure Se).

The fluorescence of freshly prepared D1-D2-cyt 5559
complexes is shown in Figure 6a. It peaks at 685 nm and has
very low intensity.

Detergent-Induced Spectral Changes of the DI-D2-Cyt
5559 Complex. Incubation in Tris (0.05 M, pH 7.2)/TX-100
(0.2%) solution on ice in the dark shifted the long-wavelength
absorption band of the freshly isolated D1-D2-cyt 5559
complex to a shorter wavelength (Figure 7a). At the same
time, the intensity of the second absorption derivative decreased
at 679 nm and increased at 669 nm, with the different curves
having several isosbestic points (Figure 4b). The second de-
rivative spectrum after 24 h of incubation (lower curve in
Figure 4a) is similar to the one published by Satoh (1989) and
by Losche et al. (1989). The change in the optical absorption
is accompanied by a decrease of the CD signal, which even-
tually flattens out (Figure 5¢). A blue shift of the fluorescence
maximum from 685 nm (Figure 6a) to 679 nm (Figure 6b)
is observed, accompanied by a 20-fold increase in the
fluorescence intensity.

The differences between the absorption spectrum of the
freshly isolated D1-D2—cyt 5559 complex and the spectra
taken at different incubation times are plotted in Figure 7b.
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FIGURE 5: (a) CD spectrum of a freshly prepared D1-D2-cyt 5559 complex recorded at 4 °C. (b) CD spectrum of Chla dimers in CCl, [taken
from Houssier and Sauer (1970)]. (c) Lowest energy CD signal of a D1-D2—cyt 5559 complex in Tris buffer solution containing 0.2% TX-100
(at 4 °C): (—) before illumination; (---) after illumination for 20 min with white light; (——) difference between the CD signal before and
after illumination. (d) Lowest energy CD signal of a D1-D2-cyt 5559 complex incubated in Tris buffer solution containing 0.2% TX-100
for (—--) 10 min, (—) 2 h, and (=-) 24 h. (e) Gaussian convolution of the lowest energy CD signal: (solid lines) components with 300 cm
s~ half-bandwidth; (dashed lines) components with 570 cm s™! bandwidth. (f) (---) Sum of the 679- and 669-nm Gaussian couplets; (--)
sum of the 673- and 671-nm Gaussian couplets; (—) sum of all four Gausians. (g) Lowest energy CD signal of (—) freshly prepared D1-D2-cyt
5559 complexes; (-—) complexes that have been illuminated by white light (200 uE m™2 s™' m?) for 20 min; (---) Difference between CD

signals of the nonilluminated and illuminated complexes.

All difference spectra intersect at 672 nm and have maximum
and minimum at the same wavelengths. Each of the difference
spectra can be deconvoluted into the same two Gaussians: a
narrow positive one with maximum intensity at 679 nm that
decreases during incubation and a broad negative one with
maximum intensity at 669 nm that is increased during the
incubation. The conversion of the initial 679-nm Gaussian
into the 669-nm Gaussian was accomplished in about 200 h.
At that time the D1-D2—cyt 5559 absorption at 630-700 nm
could be fitted by the 669-nm Gaussian, a tail from the Qy"'I
transitions and a 672-nm Gaussian. The same tail and 672-nm
Gaussian fit the spectrum of the nonincubated complex when
added to the initial 679-nm Gaussian (Figure 3c). The spectra
of all the incubated complexes also could be fitted with the
679-, 672-, and 669-nm Gaussians plus the Q%' tail. Just
after separation from the ion exchange column, the 679- and
the 672-nm Gaussians contribute ~25% and ~65% of the

oscillator strength, respectively, and the 669-nm Gaussian
contributes less than 10%. The band widths of the 679- and
the 672-nm Gaussians are 300 and 542 cm™ at half-maximum
intensity, respectively.

The decay kinetics of the 679-nm Gaussian component fits
a single exponential (Figure 8a).

Removal of the TX-100 from the isolated D1-D2—cyt 5559
complex by SM-2 Bio-Beads right after the complex had been
eluted from the ion exchange column prevented the modifi-
cation of the spectra. Figure 8b illustrates that in the TX-
100-depleted preparation there is practically no decrease in
the 679-nm absorption for a period of more than 6 days. The
time dependence of the 679-nm absorption was examined with
different initial concentrations of the D1-D2—cyt 5559 com-
plexes at a fixed TX-100 concentration and with different
concentrations of TX-10Q at a fixed D1-D2-cyt 5559 con-
centration. In each case, the 679-nm component decayed with
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FIGURE 6; Changes in the fluorescence of the DI1-D2-cyt 559
complex recorded at consecutive time intervals during incubation with
0.2% TX-100 at 0 °C. Initially, the complex has maximum OD at
676.2 nm, and spectra were recorded at 3—4 °C. (a) Within the first
2 h; (b) over the next 18 h.
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FIGURE 7: (a) Lowest energy absorption of a D1~-D2—cyt 559 complex
in a 1-cm cuvette recorded at consecutive times upon incubation in
Tris (0.02 M, pH 7.2)/TX-100 (0.2%) on ice in the dark: (~--) after
10 min; (—) after 24 h; (--) after 100 h; () after 130 h. (b)
Difference spectra between the optical absorption of a D1-D2—cyt
b559 complex after separation from the ion exchange column
(maximum OD at 676 nm in 1-cm cuvette equals 0.880) and spectra
recorded at consecutive times of incubation in Tris (0.02 M, pH
7.2)/TX-100 (0.2%) on ice and in the dark: (---) after 24-h incu-
bation; (—-) after 100-h incubation; (-) after 130-h of incubation.

a first-order kinetics. The value of the decay rate constant
is inversely proportional to the initial OD of the 679-nm
component (Figure 8a and 9) and roughly proportional to the
concentration of TX-100 (not shown).

The maximum absorption of samples with TX-100 com-
pletely removed remained at 676-677 nm for more than 9
days, but the solution became highly turbid, reflecting an
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FIGURE 8: (a) Dependence of the 679-nm component on time during
the incubation of the D1-D2—cyt 5559 complex in Tris (0.02 M, pH
7.2)/TX-100 (0.2%). The initial absorption at 676-nm was 0.636
for the upper curve and 1.14 for the lower curve (in a 1-cm cuvette).
OD?” is the OD of the D1-D2—cyt 5559 complex after ¢ h of incu-
bation at 4 °C in a 1-cm cuvette; @D is the OD of this complex
after 210 h of incubation. (b) Time-dependent change of the 679-nm
absorption of D1-D2-cyt 559 complexes incubated on ice in (O)
Tris (0.02, pH 7.2)/TX-100 (0.2%) and in (®) Tris (0.02, pH
7.2)/TXHI100 (0.0%). The initial OD of both samples was 0.880 at
676 nm. Note that in the absence of TX-100 there is a little bleaching
of the 679 nm absorption band, right after separation (while incubated
with the Bio-Beads), but no further bleaching could be observed.
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FIGURE 9: Dependence of the 679-nm decay constant k upon the initial
OD of the 679-nm component. The D1-D2—cyt 5559 complexes were
incubated in Tris (0.02 M, pH 7.2)/TX-100 (0.2%). k ~d In(OD$”
- OD%%)/du.

aggregation of the D1-D2-cyt 4559 complexes into large
oligomers. The formation of such aggregates also was observed
by McTavish et al. (1989).

Detergent-Induced Changes in the Photochemical Activity.
The intensity of the light-induced reversible absorption change
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Table I: Change in D1-D2-Cyt 5559 Photochemical Activity and
679-nm Absorption during Incubation with Triton X-100

1 Amar? AOD*/ AOD#¢ [DID2-679}¢
0 676 1.00 100
2 674 0.75 80
24 672 0.40 40
150 670.5 0.0 15

9Incubation time (in hours) of a D1-D2-cyt 6559 preparation in
TX-100. ®Wavelength of the long-wavelength absorption band.
¢Reversible light-induced absorbance change at 450 nm after ¢ h of
incubation in 0.2% TX-100 relative to the initial light-induced absor-
bance change. “Percentage of active D1-D2—cyt 5559 complex re-
solved by eq 3.

at 450-nm (Figure 2 inset) was continuously decreased during
incubation. This decrease paralled the blue shift of the
long-wavelength absorption bands, as shown in Table I. The
aggregates formed in TX-100-depleted samples show no sig-
nificant absorption change at 450 nm upon illumination.
However, the addition of TX-100 to a final concentration of
0.1% (in Tris buffer) restored the ability of the D1-D2—cyt
5559 complex to photoaccumulate reduced Phea as reflected
in the reversible absorption at 450 nm during illumination
(275% of the initial value).

DISCUSSION

Phenomenological Classification of the DI-D2-Cyt b559
Chromophores. Gel electrophoresis of the D1-D2—cyt 5559
complex under nondenaturing conditions shows that the 676
nm absorbing D1-D2-cyt 559 complex migrates as an 80—
85-kDa protein (Thornber et al,, 1986, 1987; Peter &
Thornber, 1988, 1989). The pigment to protein ratio and
pigment stoichiometry found in the present study show that
this 80-85-kDa complex holds about six porphyrins (four Chla
and two Phea molecules). When the D1-D2—cyt 559 com-
plex is separated from the ion exchange column, by use of a
TX-100-containing eluting solution, the 676-677-nm absorp-
tion (Figure 2) consists of two major Gaussian components.
One component peaks at 679 nm and the other at 672 nm
(Figure 3c). There is also a minor Gaussian component that
peaks at 669 nm. Upon incubation with TX-100, the 679-nm
component decays, and the 669-nm Gaussian grows at the
same rate. No change is observed in the 672-nm component
(Figures 4a,b and 7a,b). Hence, the porphyrin chromophores
of the D1-D2-cyt 5559 complex can be classified into two
spectroscopic groups. Group I chromophores have an ab-
sorption maximum at 672 nm. Group II chromophores have
an absorption maximum at 679 nm in freshly prepared D1-
D2—cyt b559. When the complex is incubated in TX-100, the
chromophores that absorb at 679 nm are converted to the
669-nm form with first-order kinetics. Having the rate con-
stant k, one can calculate the percentage of D1-D2-cyt b559
complexes that contain the 679 and the 669 nm absorbing
chromophores ([D1D2-679] and [D1D2-669], respectively)
at a time ¢ after incubation.

To calculate the absorbance (in relative units) of the D1-
D2-cyt b559 preparation at a particular wavelength A, one
needs to sum the percentage of the different chromophore
groups multiplied by their relative absorbance at A:

ADID2 =

AS9[D1D2-669] + AS[D1D2-679] + A2 + Al (3)

where the upper indices on the right-hand side are the
wavelengths for maximum absorption of the different com-
ponents shown in Figure 3c. Using this equation, we fit the
experimental absorbances of different D1-D2-cyt 5559
preparations and found that preparations with absorbance
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maxima at 674, 672, or 670.5 nm contain 80%, 40%, or 15%
of the 679-nm component, respectively. These numbers co-
incide well with the descending quantum yields for the pho-
tochemical reduction of the primary acceptor, as reflected in
the transient absorption of 450 nm (Table I), and for the
reduction of silicomolybdate reported by McTavish et al.
(1989).

Assignment of the DI-D2-Cyt b559 Absorption Compo-
nents to Specific Pigments. When trying to understand the
correlation between the absorption spectra dn photochemical
activity, one first needs to identify the chromophores of each
spectroscopic group. As we have shown, the D1-D2—cyt 5559
complex contains four molecules of Chla and two molecules
of Phea. Since the dipole strength of the lowest energy
transition (@,) in free Chla is 1.6-2 times that in free Phea
(Vernon, 1960), each Chla should contribute ~20% and each
Phea =10% of the long-wavelength band of the D1-D2—cyt
b559 complex. Group II chromophores are related with the
679-nm absorption and contribute 35-40% of the @, transition
as deduced from the absorption bleaching due to continuous
illumination (Figure 3b) and the Gaussian deconvolution of
the Q,%° transition (Figure 3c). The line shape of these
chormophores’ absorption in the near-UV (Figure 3b) is typical
of Chla molecules. Note that if a Phea molecule would
contribute to the UV bleaching, it should have a maximum
at 410416 nm (where the Phea has a maximum optical ab-
sorption) as long as the ratio between the bleached Phea and
Chla is higher than 1:2. Hence, group II consists of two Chla
molecules. This leaves group I (maximum absorption at 672
nm) with the two (or three) other Chla and the two Phea
molecules, including the Pheq acting as the primary electron
acceptor.

In contrast to our interpretation, time-resolved optical
spectroscopic studies of oxygen-evolving RC particles have
assigned an absorption maximum at 679-680 nm to the pri-
mary electron donor of PSII (Van Gorkom et al., 1975) and
at 680-682 nm to the primary electron acceptor (Ganago et
al., 1982; Nanba & Satoh (1987). Takahashi et al. (1987)
and Satoh (1989) have relied on these interpretations when
analyzing the spectra of illuminated D1-D2-cyt 559 com-
plexes. However if both assignments were correct, the 679-nm
component that has been resolved in our study and by low-
temperature optical absorption (Breton, 1989; Satoh, 1989;
Van Dorssen et al., 1987) would be due to one molecule of
Phea [suggested by Ganago et al. (1982) to be the primary
acceptor] and either one or two molecules of Chla [depending
on whether the primary donor (P-680) is a Chla monomer or
dimer] (Satoh, 1989). This interpretation means that
bleaching of group II chromophores by a destructive illumi-
nation should result in a difference spectrum with maxima at
679, 545, 515, and 416 nm, as previously mentioned.

One way to account for the absorption decrease at 682 nm
upon the reduction of a Phea molecule is to assume an elec-
trochromic shift of the 679-nm transition to a shorter wave-
length (Ganago et al., 1982) that is accompanied by a small
line broadening. In that case the reduction of a single Phe
should result in a bleaching at 682 nm and a concomitant small
absorption increase at a shorter wavelength as observed [i.e.,
Nanba and Satoh (1987)]. The dashed—dotted line in Figure
10 illustrates the predicted absorption difference due to the
reduction of one Phe and the electrochromic shift (by 3 nm)
of the 679-nm transition. It consists of an absorption decrease
at 679 nm due to the subtraction of the group II absorption,
an absorption decrease at 672 nm due to the Phe bleaching
(dotted line), and an absorption increase at 676 nm due to the
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FIGURE 10: Simulation of the spectral change in the lowest energy
absorption signal due to photochemical reduction of one Phe in the
D1~-D2—cyt b559. (--) The absorption decrease due to bleaching of
one Phe equals one-sixth of the 672-nm Gaussian in Figure 3¢. (--)
Absorption decrease due to the electrochromic shift of the 679-nm
Gaussian (Figure 3¢) from 679 nm. (—) Absorption increase due
to the shift of the 679-nm Gaussian to 676 nm. (—-—) The sum of
the three components showing an absorption decrease at 682 nm and
absorption increase at ~670 nm.

addition of group II absorption. The sum of the solid and
dashed lines should be polarized along the Q, transitions of
the two Chls in group I1, and the dotted line shyould be po-
larized along the @, transition of the photoactive Phe. These
predictions fit nicely the linear dichroism (LD) spectra of the
D1-D2-cyt 5559 complex recently published by Breton
(1989), although Breton suggests that the Phe absorbs at
~678 nm.

Interpretation of the Optical Absorption, CD Spectra, and
Fluorescence of the DI1-D2-Cyt b559 Complex. The indi-
vidual Chla and Phea molecules have four major electronic
transitions termed Q,, @,, B,, and B, in order of increasing
energy. Each transition is optically active, but the rotational
strengths are small. The @, transitions occur at 660666 nm
(depending on the coordination of the central Mg), and their
bandwidth at half-maximum intensity is 390 cm™ (in ether)
to 530 em™ (in formamide-water/TX-100)(Scherz and Ro-
senbach-Belkin, unpublished data).

A major (narrow) Gaussian (350~420 cm™) and a minor
(broad) Gaussian (550-680 cm™) can fit well the lowest en-
ergy transition (Qy°‘° in different solvents (Cotton et al., 1974;
Katz et al., 1978; Uehara et al., 1988). The narrow Gaussian
contributes 90% or more of the dipole strength transition.
Similar Gaussian deconvolution can be carried out on Chl
aggregates in vitro (Katz et al., 1978; Uehara et al., 1988)
and in vivo (French, 1972; Tkegami et al., 1988), but the
number of components depends upon the aggregation number
and the geometry of the aggregated molecules.

The spectroscopic properties of the Phea and Chla molecules
in the D1-D2—-cyt 5559 complex are markedly different from
their properties as in vitro monomers. Two Chls (group II)
have their lowest energy transition at 679 nm. Since the full
spectrum of these Chls is light dependent under nonreducing
conditions (Figure 3b), it is reasonable to assign the light-
dependent part of the CD signal (under the same nonreducing
conditions) (Figure 5d, dashed—dotted line) to the same Chls.
The other two Chla and two Phea molecules in the photo-
chemically active D1-D2-cyt 559 complex probably absorb
at 672-673 nm. The full spectrum of these pigments is light
independent (under nonreducing conditions) (Figure 3a,
dashed line), as is their CD spectrum (Figure 5c, dashed line).
Apparently, the contributions of the Chl pair and the other
chromophores are independent of each other to a first ap-
proximation.

We have considered (A) specific interactions among the
pigments and the surrounding proteins and (B) interactions
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of the chromophores with each other, as two possible sources
of the differences between the spectral properties of the D1-
D2-cyt 559 complex and those of an equivalent mixture of
Chla and Phea in vitro.

(A) Protein-induced chirality and bathochromic shift of the
Q, transition have been suggested to explain the spectral
properties of P-860 and P-960, the primary electron donors
of purple bacteria (Eccles et al., 1983). Studies by Boxer and
Wright (1979), Wright and Boxer (1981), Davis et al. (1982),
Kuki and Boxer (1983), and Woody (1984) using chloro-
phyllide-substituted myoglobins showed a small red shift (4-6
mm) of the lowest energy absorption and a protein-induced
inversion of the chlorophyllide CD signal that was accompa-
nied by a 3-fold increase of the rotational strength. Extrap-
olation from these experiments led Maggiora et al. (1985) and
Wasielewski et al. (1989) to suggest that the bathochromic
shift of the Chls’ lowest energy absorption (when compared
to that of in vitro monomers) primarily results from interac-
tions with the protein. However, the Chls and the Phes in the
D1-D2-cyt 5559 complex evidently do not meet the criteria
for such effects of the protein. First, on the basis of the
homology with the proteins of the purple bacteria, the D1-
D2-cyt b559 apoproteins do not contain charged amino acid
residues near the Chla pair (Michel & Deisenhofer, 1988).
Second, during the incubation with TX-100 the native
structure of the D1-D2 apoproteins and their chirality are
probably conserved, as found for the proteins of the bacterial
RCs (Nozawa et al., 1986). Therefore if the Cd of the com-
plex is induced by the protein chirality, it should be preserved
during incubation as long as the pigments are attached to their
apoproteins. But as we have shown, the CD signal decays upon
incubation although recent gel electrophoresis under nondjis-
sociating conditions has indicated that the Chl and the Phe
molecules do not dissociate from the proteins (Braun and
Scherz, unpublished data). Third, the CD signal at 669 nm
is not accompanied by an electronically allowed transition. The
small Gaussian that has been resolved at this wavelength in
the initial absorption spectrum (Figure 3c) is probably due
to an early degradation of some D1-D2-cyt 5559 complexes
and is not an intrinsic component of the intact complex. This
component increases during incubation with TX-100 while the
CD signal decreases.

(B) The second explanation is that some of the porphyrins
interact with each other and these interactions affect their
spectra. Sauer and co-workers noted already 2 decades ago
that a bathochromic shift of the @, transition and strong CD
signals can be induced by exciton coupling in Chl dimers in
CCl, (Dratz et al., 1967; Houssier et al., 1970). Katz and
collaborators have interpreted the absorption shift in terms
of donor—acceptor interactions among the aggregated Chls [for
a leading review, see Katz et al. (1978)]. Other groups con-
centrated on the spectroscopic properties of Chl aggregates
in pure and mixed aqueous solutions (Katz et al., 1978; Boxer,
1983; Boddi & Lang, 1981; Gottstein & Scheer, 1983; Wa-
tanabe, 1985; Schmidt et al., 1989; Scherz & Rosenbach-
Belkin, 1989; Scherz et al., 1988a,b, 1989a,b; Gottstein and
Scheer, unpublished data). Similar observations were reported
for bacteriochlorophylls (Bchl) and bacteriopheophytin (Bphe)
(Gottstein & Scheer, 1983; Scherz & Parson, 1984a; Scherz
et al., 1985, 1989a,b; Scherz & Rosenbach-Belkin, 1989;
Rosenbach-Belkin & Scherz, 1989).

All these cases were characterized by (a) splitting of the
0, transition, (b) shifting of the gravity center of the two new
transitions to a longer wavelength relative to the Q, transition
of the individual chromophores, and (c) induction of a non-
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Table 11: Experimental and Calculated Spectral Properties of Chla, Phea, and Their in Vivo Pairs
Qy Qz Bx.yc
dipole dipole dipole
Amax (nm) strength  rotat strength strength  rotat strength strength  rotat strength
[Ay (em™)] (D?)4 (D up)®Y  Apas (nm) (D»? (D ug)® Ay (nm) (DY)? (D )/
ChJPa 669 (520) 21.0 -0.14 575 0.016 431 144 +0.018
Chlea 672 (520) 21.0 -0.14 575 0.016 431 144 +0.018
Phe? 672 (520) 16.0 -0.08 535 0.030 +0.052 416 150 +0.036
439 145 +6.41
680 (300) 47.0 +1.00 575 0.003 -0.003 435 9 -8.30
ChIP-ChiPb/2 668 (300) 2.0 -0.60 574.9 0.033 +0.002 426 91 +7.60
419 12 -6.00
431 44 +1.50
672.5 (520) 49.0 -2.62 575 0.015 +0.001 429 100 -0.07
ChlA-Phev/8 671.5 (520) 18.0 +2.57 530 0.107 -0.000 416 44 +0.50
409 99 -1.91

¢Chl? and ChlA stand for the individual Chl in P-680 and the accessory Chl, respectively. ¢In the Chla dimer, one Chla molecule is centered at
the origin, and the other one is at -2x, -8y, + 6z, where y and x are along the N|~N; and N,~N, directions of the first Chla molecule. z is along
the normal to the first molecule plan. The angles between the transition dl?olcs are as follows: Q’g}, 150°; Q%Q), 117°; Q2QL, 112°; Q2Q!, 28°.
The angles between the transition dipoles are as follows: QﬁQ1 150°; Q2 117°; Q%QL, 112°; Q2Q., 28°. The ang]es between the normal to the
Chll and the Chl2 transition dipoles are as follows: QZZl 70°%; Q’Z‘ 100° In the éhla—Phea heterodimer the Chla is centered at the origin, and
the Phea is at —2x, -8.5y, +8.5z. The angles between the transition dipoles are as follows: Q20), 80°; 020}, 10°; Q20l, 158°; Q20 79°. The
angles between the normal to the Chla and the Phea transition dipoles are as follows: QZZ1 70° QZZ‘ 90° "Wc only considered the dipolar
strength of the 0-0 transition because the exciton sphttmg is comparable to the bandwidth of the 00 transition. The dipole strength given in dcbycs
squared (D?) equals (9.18 % 107) fe(»)»™! dv, where € is the extinction coefficient (in mol™ ¢m™) and » is the wavenumber (¢m™) for maximum
absorption. The position of the B, and B, transitions relies upon the MCD report of Houssier and Sauer (1970). The total dlpolar strcngth may be
overestimated due to a contribution from hlgher energy transitions (Weiss, 1972). /The experimental rotational strength R is given in units of debye
Bohr magneton, where R = 0.248 {Ae(v)v™! dv. #The theoretical calculation followed Scherz and Parson (1984b). However, we have postulated a
nonexcitonic shift from 669 to 673.5 nm due to nonexcitonic interactions among the paired molecules [see text and Rosenbach-Belkin and Scherz

(1989) for further discussion].

conservative CD doublet. As the relative intensity of the two
new transitions, their bathochromic shift, and their rotational
strength depend upon the geometry of the dimer (Houssier
& Sauer, 1970; Boxer, 1983; Scherz & Parson, 1984a;
Warshel & Parson, 1987; LaLonde et al., 1989), the spectral
resemblance between the in vitro Chl dimers and the in vivo
Chl culsters suggests a common structural motif (Scherz &
Rosenbach-Belkin, 1989). By simulating the dimer absorption
and CD, it is therefore possible to roughly determine the dimer
geometry (Tinoco, 1962; Houssier & Sauer, 1970; Scherz &
Parson, 1984b; Parson et al., 1985; Warshel & Parson, 1987;
LaLonde et al., 1989). When the separation between the
paired molecules is larger than their sizes, the point dipole
approximation can be used (Tinoco, 1962). For smaller sep-
aration, the point monopole approximation (Tinoco, 1962;
Murrell & Tanaka, 1964; Parson & Warshel, 1987; LaLonde
et al., 1989) should be used. There are several advantages to
the point dipole approximation: (a) it does not rely upon the
accuracy of the calculated molecular orbitals, and (b) it
provides the transitions’ energy, oscillator strength, and ro-
tational strength in a straightforward manner. Obviously,
when the geometry of the interacting pigments is unknown,
another criterion for selecting the appropriate approximation
is needed, a simple one being the difference between the in-
teraction energies calculated by the two approaches. If the
energies are roughly equal, the point dipole approach can be
chosen (Pearlstein, 1982).

Following these lines, we calculated the geometry of Chla
dimer having the @, transitions of the individual molecules
at 673 nm (the gravity center for the light-dependent CD
signal of the D1-D2~cyt 5559 complex under nonreducing
conditions) and the Q, transition of the excitonically coupled
pair at 679 nm. We assumed the following: (a) This Q,
transition of each pigment consists of two Gaussians, one of
which (Q,%?) carries over 90% of the dipolar strength, as
observed by Cotton et al. (1974) for the 0,%° of Chla mo-
nomers in most protic solvents. (b) Having most of the O,
dipole strength, the narrow Gaussians give rise to the 679-nm

absorption and the 679- and 669-nm couplets in the light-
dependent CD signal due to the two group II Chls (Figure 5e).
(c) As the energy difference between the CD couplets at 679
and 669 nm (220 cm™) is smaller than the energy difference
between the Q,%° and Q% transitions of the individual Chla
molecules (=300 cm™), one should consider separately the
coupling among the different vibronic states (Simpson &
Peterson, 1957). Since the intensity of the Qy°‘° transition is
about 10 times the Q,%! intensity and the exciton splitting is
proportional to the square of these intensities, one expects the
red-most Gaussian in the D1-D2-cyt 5559 complex to be
contributed by the lower energy excitonic transition of @,%°

A geometry that provides the spectral properties of the Chla
pair (Table II), with the point dipole approximation (Scherz
& Parson, 1984b), resembles the special pair geometry in the
bacterial RC (see footnote b in Table II). However, the
center-to-center separation among the Chla molecules is larger
by about 3 A, generally along the @, transition dipole but also
perpendicular to the molecular planes. This simulation does
not provide any information about the orientation of the dimer
transitions with respect to the membrane plane. However,
judging from the electrochromic shift of the 679-nm transition
(Figure 9, sum of dashed and solid lines) in comparison with
the light-dependent linear dichroism (Breton, 1989), and Qy
transition should be roughly parallel to the membrane plane.

To confirm the validity of the point dipole approach, the
dipolar interaction within the proposed geometry was calcu-
lated (J. R. E. Fisher and Scherz, unpublished data) with the
Q, transition monopoles [given by Weiss (1972)] in the
split-mode fashion (Philipson & Sauer, 1972; Pearlstein, 1988;
Scherz & Rosenbach-Belkin, 1989). The difference between
the interaction energy calculated by the point monopole and
point dipole approximation was less than 20%.

In the calculated geometry the separation between the two
« centers does not allow for appreciable overlap of the mo-
lecular orbitals, and therefore, the contribution of charge
transfer states should be minimal. If the simulated geometry
represents the geometry of P-680, it provides an explanation
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for the failure to observe a Stark effect in the D1-D2—cyt 5559
complex (Satoh, 1989; Losche et al., 1989) and for the trip-
let—singlet spectrum that has been reported by den Blanken
et al., (1983), since the large separation assures the localization
of a triplet excited state on one of the Chls. On the other hand,
the exciton coupling is strong enough to make the Chl pair
an energy trap in the PSII RC, as required for the primary
electron donor.

We have suggested that group I porphyrins (two Chla and
two Phea molecules) contribute the 672 nm absorption
Gaussian and the light-independent (in the absence of reducing
agents) CD signals at 673 (+) and 671 (=) nm. There are
probably several configurations in which excitonic interactions
among two Chls and two Phes could result in these spectral
properties. One possibility is that the pigments make two
heterodimers where the individual molecules are roughly
perpendicular to each other (Table II) and their centers sep-
arated by ~12 A. The CD signals and the optical absorption
calculated for this configuration with the extended exciton
theory in the point dipole approximation (Scherz & Parson,
1984b) are shown in Table II. Note that the pigment or-
ganization in the proposed configuration resembles the con-
figuration suggested by Breton (1989) from linear dichroism
measurements, and the organization of the analogous pigments
in the bacterial RC (Deisenhofer et al., 1985).

Rationalization of the TX-100-Induced Changes in Spectra
and Photochemical Activity. According to our data, but
contrary to the conclusion of Tetenkin et al. (1989), the de-
tergent-induced changes in spectra and photochemical activity
of the D1-D2-cyt 5559 complex are both related to a mod-
ification of the two Chla molecules that initially absorb at 679
nm. The rate of modification of the 679 nm absorbing Chls
is inversely proportional to the concentration of the D1-D2—cyt
5559 complex and directly proportional to the concentration
of TX-100 (data not shown), suggesting that the process in-
volves dissociation of D1-D2—-cyt 5559 aggregates into single
D1-D2-cyt 5559 units. The configuration of the polypeptides
and their attached Chls in these units evidently is very labile.
Assuming that each of the special pair Chls is attached to a
different polypeptide, the polypeptide conformation in the
dissociated units could alter the exciton coupling, so that the
pigments regain their individual absorption at 669 nm. Hence,
the lowest energy excited state of the D1-D2-cyt b559 com-
plex is shifted into group I Chls and Phes, which have an
absorption maximum at around 672 nm. These pigments
cannot provide a channel for nonradiative decay and therefore
fluoresce (at 679 nm) with a quantum yield similar to that
of free Chls and Phes.

Concluding Remarks. The pigment content in D1-D2—cyt
b559 complexes have been isolated in TX-100-containing so-
lutions resembles the pigment content in the bacterial RCs.
The dimeric nature of the primary donor and the configuration
of the primary acceptor and the accessory pigments appear
to be similar. In both RCs, the primary donors absorb at
longer wavelengths than the primary acceptors. However, the
separation between the Chls in P-680 evidently is substantially
larger than that in the bacterial RCs. Electron spin resonance
studies of the PSII triplet state (Rutherford et al., 1986) and
linear dichroism measurements (Breton, 1989) indicate that
at least one of the P-680 Chls is almost parallel to the mem-
brane plane, in contrast to the Bchls in P-960 or P-860.

Scherz et al. (1985, 1989a,b) and Scherz and Rosenbach-
Belkin (1989) have shown that Chls and Bchls tend to associate
into particular #—= dimers. The self-dimerization involves a
large free energy change and may add to the protein stability
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(Scherz & Rosenbach-Belkin, 1989, Scherz et al., 1989b).
These dimers are characterized by a much larger bathochromic
shift than observed for the Q, transition of P-680, indicating
that the protein environment of the special pair in the D1-
D2-cyt 5559 complex does not allow such self-assembly. In
addition to pointing at a significant difference from the protein
surrounding of the bacterial special pair, this may account in
part for the low stability of P-680 relative to the bacterial
primary donors and the high turnover of the D1 apoprotein
in vivo (Matoo et al., 1984).

ADDED IN PROOF

Kobayashi et al. (1985) have recently reported that the
D1-D2-cyt 5559 complex isolated in digitonin-containing
solutions holds six Chls to each two Phes. A comparison of
their pigment—acetone extract with the one we obtained from
our D1-D2~cyt 5559 preparation (isolated in the TX-100-
containing solutions) indicates indeed a higher Chl content.
Obviously, the TX-100 treatment released two Chls, which
probably act as antenna pigments. It also seems to release
one of the carotenoides, the level of which is higher in their
preparation.
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Monoclonal Antibody Modification of the ATPase Activity of Escherichia coli F,

ATPase’
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ABSTRACT: Monoclonal antibodies (mAbs) have been made against each of the five subunits of ECF; (e,
8., v, 6, and ¢), and these have been used in topology studies and for examination of the role of individual
subunits in the functioning of the enzyme. All of the mAbs obtained reacted with ECF,, while several failed
to react with ECF,F,, including three mAbs against the 4 subunit (yII, 111, and 4¥IV), one mAb against
5, and two mAbs against ¢ (el and eII). These topology data are consistent with the v, 8, and ¢ subunits
being located at the interface between the F; and F, parts of the complex. Two forms of ECF, were used
to study the effects of mAbs on the ATPase activity of the enzyme: ECF; with the ¢ subunit tightly bound
and acting to inhibit activity and ECF,* in which the 6 and ¢ subunits had been removed by organic solvent
treatment. ECF,* had an ATPase activity under standard conditions of 93 umol of ATP hydrolyzed min™!
mg~!, cf. an activity of 7.5 units mg™! for our standard ECF, preparation and 64 units mg™' for enzyme
in which the ¢ subunit had been removed by trypsin treatment. The protease digestion of ECF,* reduced
activity to 64 units mg™' in a complicated process involving an inhibition of activity by cleavage of the «
subunit, activation by cleavage of v, and inhibition with cleavage of the 8 subunit. mAbs to the v subunit,
+11 and #4111, activated ECF, by 4.4- and 2.4-fold, respectively, by changing the affinity of the enzyme for
the e subunit, as evidenced by density gradient centrifugation experiments. The y-subunit mAbs did not
alter the ATPase activity of ECF,*- or trypsin-treated enzyme. The a-subunit mAb (al) activated ECF,
by a factor of 2.5-fold and ECF,F, by 1.3-fold, but inhibited the ATPase activity of ECF;* by 30%.

Monoclonal antibodies are being used extensively to study
structure—function relationships of the F;, ATPases of bacteria,

*Supported by NIH Grant HL24236.

plants, and animals [e.g., see Moradi-Ameli and Godinot
(1983, 1987), Dunn et al. (1985), and Hadikusumo et al.
(1984)]. Included in these studies are examination of cross-
reactivity of F; ATPases from different organisms [e.g., see
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