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absorption measurenents on this system in order to characterize the intermediate
and kinetics of electron transfer further.
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Introduction

The recently demonstrated exchange of the "monomeric" bacteriochlorophylls
(BChl) BA and Bn, has opened a new route to investigate structure-function
relationships in photosynthetic reaction centers (RC) of Rhodobacter spha-
eroides R26 [l-4]. The function of these pigments is still controversial
[5-22]. However, the finding of a new kinetic intermediate at ambient tem-
perature between the initial excited state P” of the primary donor, and
the charge separated state P'*HA-' in which the photoejected electron
resides on the bacteriopheophytin (BPhe) of the A-branch, has provided
strong evidence that one of them (BA) is an intermediate acceptor in the
primary charge scparation process [15,20]. A similar role has been prop-
osed for BM in triplet energy transfer from P to the carotenoid in wild-
type RC [18]. To evaluate the details of electron transfer and pigment
interaction it seemed desirable to introduce pigments with altered spec-
tral and/or redox properties. As first pigments showing considerably blue-
shifted absorption spectra, we have incorporated bacteriochlorophylls con-
taining 3-vinyl- or 3-hydroxyethyl-substituents instead of the 3-acetyl
group [4]. Here, we wish to summarize results on these and some other pig-
nent modifications, including in particular the exchange of bacteriopheo-
phytins as well. An overview is given on the pigment modifications tested

and some steady state spectra are shown.
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Materials and Methods

Reaction centers; Rb. sphaeroides R26 and 2.4.1. RC were prepared by
repeated solubilization of chromatophores and subsequent chromatography o
DEAE-cellulose as described previously [2]. Final purification was achiev
by density-gradient centrifugation (0.2 to 0.8 M sucrose in 10 mM tris-HC
buffer, pH 7.6, containing 0.08 % LDAO, 20 hours, 240000+g). RC were enri
ched in the 0.6 M region. They were withdrawn, dialyzed against tris-HCl
buffer (10 mM, pH 7.6, containing 0.08% LDAO) and stored at -20 C. Rhodo-
spirillum rubrum and Rhodospeudomonas viridis reaction centers were prep-
ared by standard procedures, and purified as the ones from Rb. sphaero-

ides.

Pigments: Bchl a and Bchl a were extracted from Rb. sphaeroides and Rs
rubrum, respectizely. Estersgzith other alcohols were obtained by trans-
esterification. Pigments with opened isocyclic ring and with a 13”-oxo-
group were obtained by the phase test reaction [23-25]. Demetalation to
the respective pheophytins was done with dilute HCl. [3-acetyl]-chloro-
phyll a was obtained by oxidation of Bchl a with high-potential quinones
[26]. 137 -0H-Bchl (I) and pigments containing a 3-vinyl- (V,VII) or 3-hyd:
roxyethylsubstituent (VI,VIII) were prepared as published before [4].
Pyrolysis to remove the 13’-COOCH1 group was done according to [27]. All
products were characterized by absorption, fluorescence, "H-NMR and mass

spectroscopy. A full account of the chemistry will be given separately.

Exchange experiments were performed as previously [1-4] using a 20 fold
excess of exogenous pigments over the BChl contained in the RC. All exper-
iments with Rb. sphaeroides R26-RC were done under the same exchange con-
ditions, viz. incubation of the reaction centers at 42.5° G for 90 minutes
in a 20 mM tris/ 0.08% LDAO/ 10% MeOH buffer, containing the modified pig-
ments in a 20 fold excess. Afterwards, excess pigments were removed from
the incubation mixture by repeated chromatography on DEAE-cellulose. The
temperature was optimized for other species, and in the case of Rs.
rubrum, LDAO was replaced by Triton-X100 (0.1%).

Extraction of pigments from RC for HPLC analysis was done as described in
[3,4]. The HPLC analysis was done on silica or reversed phase as reported
[3,4,28].
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R, R R, R
la Behl a COCH COOCH H C H
r . 1 £ 20 19
Ib  Bchl a’ COCH H COOCH C_H
n el 3 20 239
11 Behl a COCH COOCH H C H
e 2 2 20 33
111 137-OH-Behl a ™’ COCH COOCH OH C H
» 3 a 20 239
v 13”-0H-Bchl a COCH COOCH OH C_H
~F. 3 3 20 133
v [3-Vinyl)-Bchl a CH COOCH H C
» 2 0 3 20 39
VI |3-Hydroxyethyl]-Bchl a "’ CHOH-CH_ COOCH H C H
P a 3 20 39
VII  [3-vinyl]-13 -hydroxy-BChl a "’ CH COOCH OH C H
2 P > " 3 20 239
VIII [3-Hydroxyethyl]-13’- hydroxy-Bchl a "> CHOH-CH_  COOCH OH C H
P E} 3 20 39
1IX  Pyro-bchl a COCH H H C H
I 3 20 39
X [17”-Methyl)-13”-hydroxy bchl a"’ COCH COOCH _ OH CH_
XI (17" -Ethyl }-13”-hydroxy-Bchl a™’ COCH_ COOCH OH CH,
XI1  [17"-Fluorethyl]-13”-hydroxy-Bchl a™’ COCH_ COOCH _ OH CH_CH_F
X111 (17"-Trifluorbutyl]-13”-hydroxy-Bchla™’ COCH_ COOCH_ OH (CH ) CF_

a) 13’-Epimer mixture

b) Stereochemistry at C undefined

Table 1; Bacteriochlorophylls with intact isocyclic ring
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COOCHs

X1V 13a-0xa-[13’-0xo]-[17h-methyl]-BCHl a COCH’ =0 CH‘

Table 2: Bacteriochlorophyll with enlarged isocyclic ring

COOR;

R R R

XV Bacteriochlorin es-trimethylester CH CH}COOCHa CH,
XVl Bacteriochlorin e -triethylester CH CH COOC H CH
6 P 2 2 5 2 s

Table 3: Bacteriochlorophylls with opended isocyclic ring
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Results

Modified pigments

The pigments investigated, involve modifications at rings A,B,D and the
isocyclic ring, and several of the chromophores have been prepared as mag-
nesium complexes, e.g. (bacterio)chlorophylls, and as free bases, e.g.
(bacterio)pheophorbides (Tables 1-5). The results of the exchange experi-
ments are summarized in Table 6. All exchanges were performed under
basically the same conditions. The analyses of the experiments were always
done by HPLC coupled with absorption spectroscopy [3,4]. Only a few examp-
les of the pigment modifications and their exchanges shall be discussed in
this brief survey. Hydroxylation at c-137 gives only minor differences in
the absorption spectrum, as compared to the respective non hydroxilated
pigments in organic solvent. The absorption spectrum of 137-0H-BChl a
(III) is shown in Fig. 1 (dash-dotted line). It is nearly the same as for
unmodified BChl a (I), except for a small but characteristic blue-shift of
the Qx-band. Another modification concentrated on the 3-acetyl substituent
of BChl a (see Table 1, V-VIII). Absorption spectra of [3-vinyl]-l37~OH-
BChl a (VII) and [3-vinyl])-BPh a (XXIV) in organic solvents are shown in
Fig. 2 and Fig. 3 (dash-dotted lines). There is a short-wavelength shift
of 26 and 24 nm, of the Qv-band versus the 3-acetyl compound BChl a (I)
and BPh a (XX), respectively. These pigments are of special interest,
because they represent a structural link between plant chlorophyll a and
BChl a. The only remaining difference is in the hydrogenation state of the

macrocycle.

Exchange of BA n in Rb. sphaeroides R26:

Pigments, like (Ia, II, III, IV, V, VI, VII, VIII, X, XI), in which the
central Mg atom is present, exchange selectively with the monomeric BChl
(BA‘R) of the RC. In no case an exchange with BPhe at sites HA.n was obser-
ved as determined by HPLC. There was also no indication that the special
pair is exchangeable in any of the experiments. Pigments with more extens-
ive modifications at the isocyclic ring, like (IX) and (XIV) do not exchan-
ge under the conditions of the experiment. By contrast hydroxylation at
Gc-137 is not only allowed, but even tends to increase the exchange rate,
and probably also the stability of RC. The spectral changes upon introduc-
ing modified pigments, parallel the changes of the absorptions in monomeric

(e.g. ether) solution between the respective pigment and Bchl a.
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Pigments like (II) in which only the 17° propionic acid ester is modified
show no changes in the absorption spectra. Minor changes in the Qx region
are observed in the absorption spectra after exchange with pigments of RC
like (III) and (IV), which are hydroxilated at c-137. An absorption spec-
trum of RC after exchange with (III) is displayed in Fig. 1 (solid line).
The only distinctive difference is a shift of the Q, band from about 600
nm (native RC, data not shown) to 593 nm (modified ones) [3], correspon-
ding to a similar shift in monomeric solution (see above). Corresponding
results were obtained for (X, XI). Pigment modifications, which affect the
absorption spectrum in organic solvents more strongly, show on the other
hand similarly pronounced changes at all regions of monomeric BChl absorp-
tion in the spectrum of RC, provided an exchange is possible. As an exam-
ple, the absorption spectrum of reaction centers after an exchange with
(VII) is presented in Fig. 2 (solid line). This pigments carries a 3-
vinyl-substituent like Chl a, but has the bacteriochlorophyll conjugation
system. An exchange is also possible with BChl a bearing a 3-hydroxyethyl-
substituent. Obviously, modifications at C-3 are tolerated by the BA’B
binding pockets [4]. The absorption spectra of the modified RC show hardlj

any change (as compared to the native ones) in the 870 nm band of the pri-

Ry

R R
1 2
XVI1 Chlorophyll a CH H
2 a3
XVII1 13’-hydroxy-chlorophyll a CH OH
2 3
XIX [3-acetyl]-chlorophyll a COCH H
3

Table 4: Chlorophylls



B'I
XX Bphe a COCH
b 3
XXI  [13”-hydroxy)-Bphe a ~’ COCH_
P 3
XXII [3-hydroxyethyl)-Bphe a > CHOHCH_
» .
XXIII [3-hydroxyethyl]-13°-hydroxy-Bphe a """’ CHOHCH_
r :
XXIV  [3-vinyl]-Bphe a CH
P 2 3
XXV [3-vinyl]-13”-hydroxy-Bphe a "’ cu
P ks

a) lB’-Epimer mixture

b) Stereochemistry at ¢’ undefined

Table 5: Bacteriopheophytins

COOCH3
COOCH
3
COOCH
3
COOCH
3
COOCH
3
coocH
3

H
OH
H
OH
H
oH

C

C

20 39
H
20 39
20 39
H
20 39

H
20 39

20 39
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Table 6: Exchangeability of pigments in raction

centers of Rhodobacter shperoides

Ia -
Ib -
II -
III -
IaY -

+ 4+ +
g
1
1

» B
v ooV

VI -
VII -
VIII -
IX -

+ + 4+ + +
1
]

202
v o

XI -
XII -
XIII -
XIV -

N 4+ 4
'
'

XV - - - -
XVI - - - -

XVIIa - - - -
XVIIb - - - -

]
1

XVIII - -
XIX - -

XXI - -
XXII - -
XXIII - -
XXIV - -

N e ) ) D e
+ 4+ + F o

a) Partial exchange
b) Partially formed under exchange conditions
? Results unclear
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mary donor and the 765 nm band of HA‘B but significant blueshifts of the
800 nm and part of the 600 nm band assigned commonly to the QY and Qx
bands, respectively, of the monomeric BA and B“. Qualitatively the same
result is achieved with pigments (V, VI, VIII) [4].

Pigments like XVII, XVIII and XIX bearing a chlorin macrocycle character-
istic for plant chlorophylls, do not exchange under the reaction condi-
tions. The same is true for pigments like (XV, XVI) in which the isocyclic

ring V is absent.

Exchange of HA n in Rb. sphaeroides R26:

Pigments like (XX, XXI, XXII, XXIII, XXIV or XXV) which lack the central
Mg atom , exchange selectively with the BPhe in the HA'R pockets. The
absorption spectrum of reaction center after an exchange with (XXIV) is
presented in Fig. 3. The absorption spectra of the modified RC show hardly
any change (as compared to the native ones) in the 870 nm band of the pri-
mary donor and in the 800 nm band of the monomeric bacteriochlorophylls,
but significant blue-shifts of the 760 nm and 540 nm band assigned com-
monly to the Qv and Qx bands, respectively, of the monomeric HA‘E. The
experiments also indicate, that one of the two bacteriopheophytins, (prob-

ably Hh). is more readily exchangeable (data not shown). An exchange rate

above 50% of the bacteriopheophytins is more difficult, but possible as
shown in Fig. 3. Data collection on the functionality of RC modified in

such a manner is in progress.

Other bacterial reaction centers:

Experiments with reaction centers from Rb. sphaeroides 2.4.1, the wild
type strain, allow an exchange of Bchl not higher than 25% of total bac-
teriochlorophyll. Structurally, the major difference between R26 and 2.4.1
reaction centers is the presence of the carotenoid sphaeroiden(on)e, on
the M branch of the latter one, close to BB. We conclude therefore, that
in 2.4.1 RC, there is only one pocket accesible, the B pocket, and that
the carotenoid blocks exchange of BB. Results with the carotinoid-less
mutant Rs. rubrum G9 show an exchange like in Rb. sphaerides R26, but the

very low protein stability in LDAO renders a comparison more difficult.
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Fig. 1 Absorption spectra of 13”-OH-BChl a (IIl) in ether (-+-¢-) and of

RC from Rb. sphaeroides R26 after exchange with the same pigment
( ).

Discussion

1t has been shown that bacteriochlorophylls with modified propionic acid
esters are "accepted" selectively by the binding pockets for the monomeri
pigments BA and Bn. The same was shown for bacteriochlorophylls modified
at the position 3 and/or 13°. It has also been shown that bacteriopheophy
tins modified at the position 3 and/or 13”7 are "accepted" selectively by
the binding pockets HA.H for the monomeric pheophytins, with indication
for a preferential exchange of the inactive (?) HH. In these pigments,
only the presence or absence of Mg seems to determine whether the pigment
exchanges with the Bchl (=Mg-complexes) located originnally at BA'B, or
with the BPhe (= free base) located originally at HA‘“. Evolution [29,30]
or site directed mutagenesis [31,32] has led to several RC in which BPhe
replaces BChl, and vice versa. These changes are always related to a
replacement of a polar, metal-coordinating residue close to the central M
of a BChl, e.g. histidine in native RC, with a non-polar one, like isoleu:
cine, or vice versa. In all these cases, there a is high degree of discri-
mination between the BChl and BPhe by the binding sites. This finding has

obvious implications on the assembly of the RC in vivo.

The lack of exchange of pigments with a chlorine macrocycle parallels obs-
ervations of Loach and coworkers [33,34] on B870 complexes of Rs.rubrum. ]
may be important in understanding pigment/protein structure relationships.

It is presently unclear, if the bacteriochlorine macrocycle is essential
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Fig. 2 Absorption spectra of [3-viny1]-l3’-0H-BChJ a (VII) in ether
(-+-+-) and of RC from Rb. sphaeroides R26 after exchange with
the same pigment ( ).
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Fig. 3 Absorption spectra of [3-vinyl]-BPhe a (XXIV) in ether (-s-e-)
and of RC from Rb. sphaeroides R26 after exchange with the same
pigment ( ).
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for the stability of the whole reaction center protein, or if chlorins do

not fit into the B pockets. It should be mentioned in this context,
A,RB

that we have a number of observations, that the absence of BChl or BPhe

destabilize RC.

An interesting spectroscopic result is the low electronic coupling of the
different pigment domains. The lack of singlet state interactions between
P and B n is confirmed by CD-data [4]. At the same time, this allows a
fairly :ﬁambigous assignment of the upper exciton of the primary donor to
the 8lo nm band remaining after shift of the BA'B monomer band in RC con-
taining e.g. pigment VIII at the latter sites. By a similar comparison,
there is also ENDOR evidence of a low coupling between the pigments at
BLAM and the doublet state P (Lubitz et al., unpublished), but that there
is a significant interaction with the triplet state P (Angerhofer et al.,

unpublished).

Functionally important is the fact, that in all the complexes which accept
modified bacteriochlorophylls, the reversible photobleaching is retained.
Kinetik and other spectroscopic work is in progress to further character-
ize RC with modified pigments, in order to understand the structure/func-

tion relationship of the tetrapyrroles in bacterial RC.
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