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A photochemical reaction-center preparation has been made from a second bacteriochlorophyll 5-containing
organism, Thiocapsa pfennigii. The reaction-center unit is thought to be composed of one P-960, four
bacteriochlorophyll, two bacteriopheophytin, one carotenoid molecules and polypeptides of M, 40000, 37 000,
34000, 27000 and 26000 probably plus quinones and metal atoms. The preparation also contains a
low-potential cytochrome ¢-555 and a high-potential cytochrome ¢-557 bound to the reaction center in a
3-4:2-3:1 molar ratio with respect to P-960. The 40 kDa subunit is associated with the cytochromes, while
the 37, 34 and 27 + 26 kDa subunits are proposed to be equivalent to the H, M and L polypeptides of
bacteriochlorophyll a-containing reaction centers. The cytochromes are oxidized by P-960*., The three
near-infrared absorption bands at 788, 840 and 968 nm are assigned to bacteriopheophytin, bacterio-
chlorophyll and the primary donor (P-960), respectively. The 778 nm peak resolves into two at 77 K; no
further resolution of the other two peaks occurs. Illumination of the sodium dithionite-reduced reaction
centers at 77 K by 960 nm-light results in P-960, transferring one electron from cytochrome ¢-555 mainly to
a bacteriopheophytin molecule, absorbing at 781 nm. A similar treatment at room temperatures reduces most
of the two bacteriopheophytin molecules. It is argued that both bacteriopheophytin molecules, possibly with
some contribution from bacteriochlorophyll, form an intermediary electron-carrier complex between P-960
and a quinone in T. pfennigii. We could not substantiate that a bacteriochlorophyll molecule precedes the
bacteriopheophytins in the electron transfer sequence. Although the biochemical characteristics of the
reaction center are very similar to those of the other known bacterioclorophyll b-containing reaction center,
that from Rhodopseudomonas viridis, their spectral characteristics are not. This has helped elucidate more
about the function of each spectral form and led us to conclude that the 850 nm form in Rps. viridis is not the
higher energy transition of the special pair of bacteriochlorophyll molecules forming P-960. Laser-flash-in-
duced absorbance changes in 7. pfennigii reaction-center preparation should now lead to a more complete
understanding of the mechanism of the primary photochemical event.
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Abbreviations: BChl, bacteriochlorophyll; BPh, Much of our knowledge of the mechanism of
bacteriopheophytin; LDAO, lauryldimethylamine N-oxide; the primary event of photosynthesis has been de-

TLC, thin-layer chromatography. rived from studies on bacteriochlorophyll (BChl)



a-containing photochemical reaction centers [1-4],
particularly that isolated from Rhodopseudomonas
sphaeroides [5]. However, study of reaction centers
purified from Rhodopseudomonas viridis, a BChl
b-containing bacterium, has provided useful fur-
ther insight into the process {6-11]. The former
reaction-center preparation contains four BChl a
and two bacteriopheophytin (BPh) @ molecules,
generally one carotenoid, 1-2 quinone molecules,
an iron atom and equal stoichiometric amounts of
three polypeptides of apparent sizes 21, 24 and 28
kDa [5]. While the function of each of the BChl
and BPh molecules in the reaction center has not
been unequivocally determined, it is believed that
two BChl (but perhaps only one, see Pearlstein
[12]) function as the primary electron donor (P-870)
and some others, in particular one of the BPh
molecules, in conjunction with one of the BChl
molecules, act as an intermediary electron-carrier
complex between P-870 and the first stable elec-
tron acceptor, a quinone (Q) [2-4,13,14]. A com-
plete understanding of the primary event requires
that the function and relative arrangement of all
reaction-center constituents be known with cer-
tainty. Studies of the Rps. viridis reaction center
proved advantageous in this respect, because it
contains different pigments, BChl 4 and BPh b;
cytochromes also form an integral part of the
isolated complex. Furthermore, the Rps. viridis
reaction center is the first such complex to be
crystallized [15]. BChl b and BPh b absorb further
into the near-infrared than all other photosyn-
thetic pigments. This results in better separation of
the spectral forms of both pigments than occurs in
BChl a-containing reaction centers. Therefore, the
spectrophotometric monitoring of each chromo-
phore molecule’s possible involvement in the elec-
tron-transfer pathway, among other this, is facili-
tated. Also, the cytochromes in the Rps. viridis
reaction center feed electrons with a ¢, ,, of ap-
prox. 1 us to P*960 (oxidized form of the primary
electron donor), which leads to a trapping of elec-
trons photo-gjected from P-960 on the inter-
mediary carrier(s) in reaction centers in which Q
has been previously reduced. Such carriers can
then be spectroscopically identified (e.g., Refs. 7,
9-11, 16-19).

The Rps. viridis component has been used for
all studies on BChl b-containing reaction centers,

149

so far; however, investigations on broken mem-
branes of another BChl b-containing organism,
Thiocapsa pfennigii, revealed that its reaction center
had absorption bands [7] and photochemical prop-
erties [20] somewhat different from those of Rps.
viridis. Consequently, characterization of the T
pfennigii reaction center should extend our under-
standing of photosynthesis by increasing our
knowledge of the structure and spectral composi-
tion of reaction centers and, by comparing such
data with those for reaction centers from other
bacteria, indicate which reaction-center features
remain constant and are of general significance
[21]. Furthermore, the spectral differences should
be useful for solving the nature of the primary
donor, the role of the BPh molecules and the
identity of the intermediary electron carriers in the
primary event [7].

Initial attempts to purify the T. pfennigii reac-
tion center using LDAO as the surfactant gave a
product enriched in the reaction center, but which
also contained large amounts of a chlorin degrada-
tion product. The reaction-center preparation de-
natured rapidly above 4°C [7). These undesirable
features might be due to the use of LDAO [22].
We have, therefore, surveyed the effectiveness of
other detergents for obtaining more stable reaction
centers from T. pfennigii. We were successful in
this aim and now describe a rapid method for the
purification of the reaction center as well as some
of its spectral, photochemical and biochemical
properties.

Materials and Methods

Culture of bacterium. Cells of T. pfennigii (str.
9111) were grown photosynthetically in 10-liter
carboys on a sulfide-medium [23] as modified by
Pfennig [24] with 10 ml/1 of the following heavy-
metal solution used instead of the ‘Schermatal-
losung’ (in mg/1): EDTA - Na,, 500 mg; FeSO, -
7H,0, 200 mg; ZnSO,-7H,0, 10 mg; MnCl, -
4H,0, 3 mg; H;BO;, 30 mg; CoCl,-6H,0, 20
mg; NiCl, - 6H,0, 2 mg; CuCl, - 2H,0, 1 mg and
Na,MoO, - 2H,0, 3 mg. The cells were harvested
by centrifugation (18000 X g) and washed in 50
mM Tris-HCI, (pH 8.0) at 20°C (buffer).

Preparation of the reaction center (Scheme I).
The pellet was resuspended in buffer plus 1 mg
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T. pfennigii in 50 mM Tris-HCl
(pH 8.0 at room temperature: buffer)
approx. 1 mg DNAase,/150 ml
)
French press twicé 10000 1b/inch’
)
Centrifuge 80000 X g for 0.5 h
[T Supernatant (discard)
Resuspend pellet in buffer to A;g5 = 50 cm ™!
Add Miranol S2M-SF to 1% (w/v), stir at 20°C, 1 h
i
Centrifuge 80000 % g for 0.5 h
[T~ Pellet (discard or)
Dilute supernatant 1:10 with
10% glycerol /1 mM dithiothreitol (DTT) buffer
Make 1 mM in Na,-EDTA and 0.35% LDAO
)
Stir at room tempeature — monitor loss of
absorbance at 1020 nm until any absorbance in area
is judged to be due to P-960 only — approx. 1-2 h
!
Dilute 1:2 with DTT-buffer
Load onto Whatman DE-51 column preequilibrated with
DTT-buffer /0.1% LDAO
l
Wash column with 2-3 column volumes of
DTT-buffer /0.25% LDAO, or until eluate is colorless
)
Wash with 2 column volumes of
DTT-buffer /0.5% Miranol S2M-SF
l
Elute reaction center with
DTT-buffer /0.5% Miranol S2M-SF /150 mM NaCl;
|
Store at —20°C in the dark

Scheme 1. Purification procedure for photochemical reaction
centers of 7. pfennigii; DTT, dithiothreitol.

DNAase,/150 ml of sample, passed twice through
a French pressure cell at 10000 Ib/inch?, then
centrifuged at 80000 X g for 0.5 h. Broken mem-
branes were resuspended in buffer to give an A,y
=50 cm~!, and 40% (w/v) Miranol S2M-SF,
which had been treated with catalase (10 ug/ml)
to remove H,0,, was added to a final concentra-
tion of 1% (w/v). The sample was stirred at 20°C
for 1 h, then centrifuged at 80000 X g for 0.5 h.
The colored supernatant was diluted 1:10 with
10% glycerol/1 mM dithiothreitol buffer, then
Na, - EDTA was added to give 1 mM followed by
LDAO (pretreated with catalase, 10 pg/ml) to a
final concentration of 0.35% (w/v). Thereafter, the
mixture was stirred at room temperature. The ab-

sorbance at 1020 nm, which is almost entirely due
to antenna BChl b, was monitored until the ab-
sorption remaining in the 950-1050 nm region was
judged to be due only to P-960 which absorbs at
965 nm. The sample was then diluted 1:2 with
10% glycerol/1 mM dithiothreitol buffer and
loaded onto a Whatman DE-51 column which had
been preequilibrated with 10% glycerol/1 mM di-
thiothreitol buffer containing 0.1% LDAO. The
column was washed with about three column
volumes of 10% glycerol/1 mM dithiothreitol/
0.25% LDAO buffer, or until the eluate was color-
less. Following a wash with two column volumes
of 10% glycerol/1 mM dithiothreitol /0.5%
Miranol S2M-SF buffer, the reaction center was
eluted with 10% glycerol/1 mM
dithiothreitol /0.5% buffer Miranol S2M-SF /150
mM NaCl buffer, then stored at —20°C in the
dark.

Spectrophotometry. Spectrophotometry was done
on an Aminco DW-2 spectrophotometer coupled
with a Midan microprocessor. An Aminco low-
temperature attachment was used for spectropho-
tometric measurements at 77 K. An extinction
coefficient of 100 mM™'-cm™! was used to de-
termine the concentration of P-960 at 968 nm
[6,7]).

Light-induced oxidation of reaction-center cy-
tochromes was measured at wavelengths of
500-560 nm following illumination of the prepara-
tion with 968 nm light from a Bausch and Lomb
high-intensity monochromator.

Reduction of the intermediary electron carrier(s)
was done as described in Refs. 7, 10 and 18. The
reaction center, to which a few crystals of sodium
dithionite had been added, was illuminated with a
Bausch and Lomb high-intensity monochromator
set at 1003 nm for illumination at 77 K or 968 nm
for illumination at 293 K for periods of time given
in the text. After illumination at 293 K, the sample
was illuminated while cooling to 77 K. On some
occasions, white light from a 500 W slide projector
was used to illuminate the sample at 77 K.

Pigment analysis. Carotenoid analysis of the
broken membranes and the isolated reaction center
was performed as per Thornber et al. [6], except
that the Silica Gel 1B plates were chromato-
graphed in petroleum ether (35°-60°)/acetone
(90:10, v/v). The colored bands were scraped



from the plate and eluted into ethanol for spectral
identification. Saponification of the carotenoids in
petroleum ether prior to chromatography was by
addition of 30% (w/v) KOH in methanol, fol-
lowed 20 min later by the addition of water. An
extinction coefficient for 3,4,3',4’-tetrahydrospiril-
loxanthin in organic solvent of 161 mM~!.cm™!
was calculated using data in Ref. 25,

Cytochrome content. Cytochrome content was
determined from oxidized-reduced difference spec-
tra [6] using an assumed differential extinction
(absorbance of a-peak minus absorbance at 540
nm) coefficient of 20 mM~!-c ™! for both cyto-
chromes.

Polyacrylamide-gel electrophoresis. This was
done according to Laemmli [26] with a 12.5%
acrylamide running gel. All samples were in-
cubated in a buffer (Tris-HCI) containing 3% (w/v)
SDS + 5% mercaptoethanol at 20°C for 20 min,
then either loaded directly onto the gel, or boiled
for 2 min and immediately cooled on ice to 20°C
before loading. Gels were stained with 0.1%
Coomassie Brilliant Blue R/10% methanol/7%
acetic acid. Marker proteins were: phosphorylase
a, bovine serum albumin, ovalbumin, catalase,
soybean trypsin inhibitor and myoglobin. Staining
to locate the heme of c-type cytochromes was by
the method of Thomas et al. [27].

Chemicals. The following surfactants were used:
lauryldimethylamine N-oxide (LDAO, Onyzx,
Jersey City, NJ); sodium dodecyl sulfate (Pierce);
Nonidet P40 (Particle Data laboratories, Elmhurst,
IL); sodium decyl sulfate (Sigma); Deriphat 160
(Henkel, Minneapolis, MN) and Miranol S2M-SF
(Miranol, Irvington, NJ). Whatman DE-51 was
from Pierce, the Silica Gel 1B thin-layer chro-
matography plates were from Baker and all other
chemicals were from Sigma.

Results

Isolation of the reaction center

Six detergents were tested for their ability to
solubilize the broken membranes of 7. pfennigii:
LDAO, SDS, sodium decyl sulfate, Nonidet P40,
Deriphat 160C and Miranol S2M-SF. Miranol
S2M-SF vyielded an extract in which the color did
not sediment during centrifugtion at 80000 X g for
30 min. Such extracts were essentially spectrally
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identical to that of broken membranes and fur-
thermore, retained P-960 activity. Deriphat 160C
did not solubilize the membranes, while the other
four detergents did so, but the absorbances at 790
and 840 nm, attributed to the reaction-center pig-
ments [6,7] slowly decayed in such extracts. We
thus selected the Miranol extract for further purifi-
cation (see Scheme I) of the reaction center. It
proved necessary to use LDAO to dissociate the
antenna from the reaction-center complex and it
was therefore added to the Miranol extract, but
only for the minimum time necessary for it to
achieve its effect and only after decreasing the
Miranol concentration by diluting the extract with
a buffer containing glycerol, dithiothreitol and
Na EDTA. Glycerol and dithiothreitol seemed to
mitigate the deleterious effects of LDAO (cf. [22]),
while Na, EDTA appeared to accelerate the dis-
sociation of the membrane proteins (cf. [7]). On
addition of buffer, Na, EDTA and LDAO, the
1020 nm antenna absorption shifted, via a 930 nm
form, to 800 nm. The 800 nm peak was further
converted within minutes to a 685 nm-absorbing
chlorin. Once the absorbance remaining in the
950-1050 nm region was judged to be due only to
P-960, the extract was further diluted to stop the
destructive effect of LDAO on the reaction center.
This also permitted better binding of the reaction
center to a DEAE-cellulose column in the next
step. For chromatography, a DE-51 column was
used, the more strongly binding ion-exchanger,
DE-52, used for the preparation of Rps. viridis
reaction centers [17], would not release the T.
Dfennigii reaction center after it was absorbed.
Even so, with DE-51 the detergent-solubilized an-
tenna BChl and chlorin derivative could not be
washed from the column without again adding
LDAO to the eluant. As soon as it was judged that
all colored impurities had been eluted, LDAO was
removed from the column by a Miranol wash
(Scheme I). The reaction center was later eluted by
a solution of 50 mM Tris-HCl/150 mM
NaCl/0.5% Miranol S2M-SF /10% glycerol /1 mM
dithiothreitol.

Spectral properties of the isolated reaction center
The T. pfennigii reaction center probably con-

tains four BChl 5 and two BPh b molecules (see

below). Its near-infrared absorption spectra in its
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Fig. 1. Room-temperature absorption spectra of isolated

( ) and ferricyanide-oxidized (- - - - - - ) reaction centers
of T. pfennigii. The oxidized-minus-reduced difference spec-
trum is shown below (— — —).

isolated (reduced) and chemically oxidized form,
are given in Fig. 1. As expected from preliminary
work [6,7], there are three distinct peaks, com-
pared to two in the Rps. viridis reaction center
(Fig. 2). The three peaks behave similarly to those
in BChl a reaction centers [1] upon oxidation.
Thus, the 968 nm peak almost totally disappears,
that at 840 nm shifts to higher energy and that at
788 nm shows little change. Therefore, a reasona-
ble assignment of spectra forms to chromophores
present in the T. pfennigii reaction center would
be: the 968 nm peak due to the two BChl b
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Fig. 2. Comparison of the room-temperature absorption spectra
of (a) reduced and (b) K;(Fe(CN)g oxidized reaction centers
of Rps. viridis (------ ) with those of T. pfennigii ( ).
The concentrations of the two preparations were adjusted so
that they had equal Ays. The difference between the two upper
spectra is shown in the lower portion of the figure (— — —).
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Fig. 3. (A) Spectra of isolated ( ) and chemically oxidized
(------ ) reaction centers of T. pfennigii at liquid N, tempera-
ture. The oxidized-reduced difference spectrum is shown in the
lower half ( ). Fourth derivatives of the 750-950 nm
region of (B) oxidized (— — —) and (C) reduced ( )
reaction centers from 7. pfennigii. Wavelength interval for the
fourth derivative is 4.8 nm,

molecules forming P-960; the 840 nm peak to the
other two BChl b molecules; the 788 nm peak to
the two BPh b molecules. The peak at 688 nm
varies in height among preparations and, as previ-
ously [7,28], is regarded as being due to a chlorin
degradation product of the antenna BChl b. The
QX band(s) of BChl b occurs at 607 nm. The
oxidized vs. reduced difference spectrum (Fig. 2,
see also Fig. 3) differs from that of the Rps. viridis
reaction center (see Fig. 6 in Ref. 6) in that the
absorbance changes between 800-900 nm are due
to the shifting of one rather than two or more
spectral forms.

The 7. pfennigii reaction-center spectra were
compared in Fig. 2 with those of Rps. viridis by
adjusting their concentrations so that their 965 nm
absorbances were the same. Interestingly, the
widths of the longest wavelength bands were then
also equal. Spectra of 7. pfennigii reaction centers
have a central peak located at slightly lower en-
ergies (840 vs. 832 nm), and a tentatively assigned
BPh peak at higher energies than their Rps. viridis



equivalents (Fig. 2). Spectral comparison (lower
portion of Fig. 2) also shows that the troughs at
780 and 843 nm are more pronounced in the 7.
pfennigii reaction center, while the 813 and per-
haps the 828 nm peaks, assigned to BPh b and
BChl b, respectively (Refs. 8 and 29; see, however,
Refs. 6 and 9), are stronger in the Rps. viridis
component. Oxidized T. pfennigii reaction centers
have greater absorbance at 782 and 828 and 836
nm and less at 807 nm. An attempt will be made
in the Discussion section to rationalize these dif-
ferences on the basis that the spectral forms of
each of the BChl and BPh & molecules differ
between the two preparations.

Low-temperature (77 K) spectra of reduced and
oxidized T. pfennigii reaction centers, and fourth
derivatives thereof, are given in Fig. 3. The equiva-
lent spectra for the Rps. viridis complex can be
seen in Refs. 6 and 28. In both cases, lowering the
temperature shifts the absorbance of P-960 to
longer wavelengths (968 — 1001 nm). The 788 nm
band, assigned above to the two BPh molecules in
the 7. pfennigii reaction center, splits into two
components at 77 K in both oxidized and reduced
reaction centers. Fourth derivatives of this band
and oxidized vs. reduced difference spectra show
that the absorbance of both BPh molecules shifts
slightly to longer wavelengths on oxidation of
P-960, while absolute spectra show little change in
their intensity during the shifts. Unlike Rps. viridis
reaction centers, the 840 nm band in the T. pfen-
nigii complex does not show multiple spectral
forms on lowering the temperature. Thus, there is
no visible equivalent of the 850 nm shoulder seen
in 77 K spectra of Rps. viridis [6—9,28]. The sharp-
ening of the 840 nm-peak that occurs at 77 K in 7.
pfennigii reaction centers is much more intense
than that in the Rps. viridis component (cf. Fig. 3
with data in Ref. 28).

Biochemical properties of T. pfennigii reaction
centers

Pigment content. Thin layer chromatography
(TLC) of pigments extracted from the reaction
center preparation showed that BChl b and BPh b
were both present as were carotenoids. However,
because of the instability in vitro of BChl b and
BPh b in the presence of oxygen and/or light, we
could not quantitate them accurately by TLC
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and/or extraction into organic solvents. The best
that we have been able to do, until a convenient
way is found to measure BChl and BPh b contents
of material, is to adjust the heights (and widths) of
the 960 nm bands of reaction center preparations
of T. pfennigii and Rps. viridis to be equal, and
then measure the areas under the 788 and 840 nm
peaks in T. pfennigii and under the 830 nm band
in Rps. viridis reaction centers (Figs. 1 and 2).
Within 2%, the areas are the same; thus the ratio
of BChl/BPh/P-960 in T. pfennigii reaction centers
is probably the same as the 4:2:1 ratio previously
determined [6,7] for the Rps. viridis component.
The two major carotenoids present in this
bacterium have been identified as 3,4,3',4’-tetrahy-
drospirilloxanthin and its aldehyde derivative, te-
trahydrospirilloxanthinal [25]. We observed five
carotenoid bands after TLC of organic solvent
extracts of whole membranes [25], of which the
two most prominent were confirmed as those given
above by spectral characterization of bands eluted
from the TLC plate. The saponified extract of the
reaction center also contained these two major
carotenoids which were present in the same pro-
portion as occurred in whole membranes. A ratio

(Fe(CN)s)J_ vs ASCORBATE  ASCORBATE vs DITHIONITE
~ AN/ 293k T/__\/z
fo] 526 557 526
555 I AA=0.02
\/\/ 77 K
526 554
552
205 !
b — ¢
A: 0.01] 526
557

Fig. 4. (a) Chemical difference spectrum of T. pfennigii reaction
centers in the 500-600 nm region. The upper traces were
recorded at room temperature (293 K), the lower ones at liquid
N, temperatures (77 K). The left pair of traces are the dif-
ference of K,Fe(CN)4 and sodium ascorbate-treated samples,
the right-hand pair are the difference of sodium ascorbate- and
dithionite-treated samples. (b) Absorbance change at 558 nm
when isolated reaction centers were exposed to 960 nm light.
(c) Light-minus-dark difference spectrum in the 500-600 nm
region under the same conditions used to record (b).
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of 0.8 mol carotenoid per mol P-960 was measured
for the reaction center.

Cytochrome content. Two c-type cytochromes, a
high potential cytochrome ¢-557 and low potential
cyt ¢-555 [20] were identified and quantitated from
ferricyanide vs. ascorbate and ascorbate vs. di-
thionite difference spectra, respectively (Fig. 4). A
molar ratio of 2.5/3.5/1 for cyt ¢-557:cyto-
chrome ¢-555 : P-960 was measured.

Protein content. Electrophoresis of the dissoci-
ated center showed five major bands of M, =
40000, 37000, 34000, 27000 and 26000 (Fig. 5)
when the sample was not heated above 20°C in
denaturing buffer. The 40 and 100 kDa bands
stained intensely with tetramethylbenzidine /H,0,
and are probably cytochrome ¢ bands (Fig. 5).
Boiling the reaction center’s preparation buffer,
either in the presence or absence of
mercaptoethanol, greatly reduced the intensity of
the M, 34000, 27000 and 26000 bands, and in-
creased the amount of material at the top of the
gel. Several fainter bands were present (Fig. 5) and
are thought to be contaminants; this includes the
100 kDa band, which could not be dissociated into

Fig. 5. Stained polyacrylamide gels of: lane 1, protein standards
(see Methods); lanes 2-5: Reaction centers of T. pfennigii; lane
2, treated with denaturing buffer for 20 min prior to loading;
lane 3, treated with denaturing buffer minus 2-mercaptoethanol
for 20 min; lane 4, treated with denaturing buffer and heated
for 2 min at 100°C prior to loading; lane 5, same sample as
used for lane 2 but stained for heme. Lanes 6 and 7, reaction
centers of Rps. viridis treated with denaturing buffer for 20 min
prior to loading, lane 6 stained for heme and lane 7 for protein.

smaller components. A slight increase in purity of
the reaction center was achieved by addition of
either ammonium sulfate or poly(ethylene glycol)
(PEG 6000), which precipitated some cytochrome
material but not the reaction-center complex. Fur-
thermore, the reaction center was spectrally less
stable in the presence of the precipitants.

Photochemical properties of the isolated reaction
center

The preparation is photochemically active. Ex-
posure of the isolated material to 960 nm light
resulted (a) in oxidation of the high-potential cyto-
chrome ¢-557 by P*-960 (Fig. 4), and (b) in the
reduction of BPh by P*-960 (Fig. 6). In Fig. 4b,
the time-course of the reversible, light-induced
bleaching of the 558 nm absorbance is shown. A
light-minus-dark differences spectrum (Fig. 4c) re-
vealed that this absorbance change was due to
oxidation of cytochrome ¢-557. One of the two
hemes of cytochrome ¢-557 is rapidly photo-
oxidized, while the second was oxidized much
more slowly (Fig. 4b). Continuous strong white
light (e.g., IR2 mode of the Cary 14R spectropho-
tometer) is requird to keep not only both cytochro-
mes but also P-960 in a fully oxidized state (see
Ref. 2).

Spectra before and after exposure of
dithionite-reduced preparations to either 45 min
illumination by white light at 77 K (Fig. 6A), or 3
min of 960 nm light at room temperature (Fig. 6B)
were recorded at 77 K (see Fig. 6 legend for
details). A 30 min illumination of a sample at 77 K
was generally sufficient to complete all the ab-
sorbance changes that were to occur [20]). How-
ever, 3 min illumination by monochromatic 960
nm light completed most of the rapid changes at
room temperature; thereafter further, much slower
bleaching of all bands occurred (Seftor and
Thornber, unpublished data). It has been estab-
lished for other cytochrome-containing reaction
centers [16] that low temperature illumination
transfers one, and only one, electron from a low-
potential cytochrome via the primary donor to I,
an electron carrier intermediary between P-960
and Q. Illumination at room temperature causes
more than one electron to be transferred when
there is more than one I molecule preceding Q
[10].
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Fig. 6. (A) Liquid N, temperature spectra of sodium
dithionite-treated reaction centers of T. pfennigii before
( ) and after illumination with white light from a 500 W
projector at 77 K for 45 min (— — —). The light-minus dark
difference spectrum is shown in the lower portion of the figure.
(B) Same as (A), but illumination was by 960 nm light for 3
min at room temperature (293 K). Note spectra were recorded
at liquid N, temperatures in both cases.

Illumination of T. pfennigii reaction centers at
77 K (Fig. 6A) caused loss of the BPh band at 781
nm; the extent of an absorbance loss at 546 nm
(Qx band of BPh) and a broad absorbance in-
crease aroung 685 nm (BPh™ band, [18]) are con-
comitant with reduction of one BPh molecule per
P-960. The following absorbance changes in Fig.
6A are also noteworthy and will be explained
later: a loss of some absorbance of the a-band of
cytochrome ¢-555 (551 nm at 77 K, see below), a
large decrease in absorbance and broadening of
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the 840 nm BChl peak and a shift of the 607 nm
peak to longer wavelengths.

In order to use the absorbance of P-960 and the
absorbance change at 551 nm (Fig. 6A) to measure
how many electrons each P-960 transferred from
cytochrome ¢-555 to an intermediary carrier(s) at
77 K, we needed to know the extinction coeffi-
cients for P-960 and cytochrome ¢-555 at 77 K.
Thus, the spectrum of the preparation in buffered
55% glycerol/1 mM sodium ascorbate was mea-
sured at 293 K in the 2 mm cuvette used for
low-temperature spectrophotometry. The cuvette
was then cooled to 77 K and the spectrum re-
recorded. Solid sodium dithionite was then added
to the thawed sample to reduce cytochrome ¢-555,
and the spectrum again recorded at 293 K and
then at 77 K. From the 293 K spectra, P-960 and
cytochrome ¢-555 concentrations could be esti-
mated using the millimolar extinction coefficient
given in the Materials and Methods section. Ex-
tinction coefficients at 77 K were 1.3-times that at
293 K for P-960 and 1.4-times that at 293 K for
the cytochrome. Using these values we confirmed
that each P-960 molecule transferred only one
electron from cytochrome ¢-555 to a component(s)
between P-960 and Q.

Ilumination of reduced reaction centers at 293
K required only 1-3 min of exposure to 960 nm
light to cause absorbance changes more extensive
than did white light in 30 min at 77 K (cf. Fig. 6A
and B). Low-temperature spectra before and after
3 min exposure to light at 293 K (Fig. 6B) revealed
that both bands (at 781 and 799 nm) ascribed to
the two BPh molecules have greatly decreased
absorbance. The loss of Q,-band absorbance of
BPh (approx. 545 nm) is larger than caused by
illumination at 77 K, as would be concomitant
with the reduction of more than one BPh molecule
per P-960. No loss of cytochrome absorbance oc-
curs. The absorbance changes of BChl are,
quantitatively and qualitatively, very similar under
both conditions of illumination (cf. Fig. 6A and
B): there is a considerable decrease and broaden-
ing of the absorbance at approx. 840 nm, while the
1000 nm band, due to P-960, shifts to shorter
wavelengths (data for the 1000 nm band shown
only for illumination at 293 K). Furthermore, the
changes in the region of the BChl Qx are essen-
tially identical in two cases.
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Discussion

The reaction center of 7. pfennigii was isolated
by a procedure similar, but not identical, to that
used to obtain the Rps. viridis complex [17).
Miranol was used to solubilize the photosynthetic
membranes; thereafter, a short exposure of the
extract to LDAO and EDTA separated the reac-
tion center from extraneous membrane material.
Glycerol and dithiothreitol seemed to stabilize the
reaction center during exposure to LDAO. Unlike
earlier isolation methods for this component [7],
the new procedure yields reaction centers which
are spectrally more stable; they undergo no spec-
tral deterioration during weeks at —20°C, and
only degrade slowly over a few hours at room
temperatures.

The biochemical characteristics of the T. pfennigii
and Rps. viridis reaction centers

These are remarkably similar, considering the
spectral and nutritional differences between the
organisms. They probably have the same
carotenoid content (about 1 mol per mol P-960)
and molar ratio of BChl/BPh /P-960 (4:2:1), but
confirmation of the ratio requires the development
of more rigorous procedures for the estimation of
BChl and BPh b. There is no specificity of caro-
tenoid type associated with the T. pfennigii reac-
tion center.

The similarity of their cytochrome contents is
striking. Two c-type cytochromes are bound to the
T. pfennigii component, cytochromes ¢-555 and
¢-557, and they have approximately the same re-
dox potentials as their counterparts in the Rps.
viridis complex (Fig. 4, see also Ref. 20). There are
3-4 moles of heme of cytochrome ¢-555 and 2-3
moles of heme of cytochrome ¢-557 per mol of
P-960; the latitude in these values indicates the
uncertainty in the extinction coefficients used to
quantitate them. In the Rps. viridis complex, the
ratios are slightly smaller: cytochrome ¢-553 /cyto-
chrome ¢-558/P-960 = (2-3):2:1 [7). The
quantitative difference may be accounted for by
the 7. pfennigii preparations containing a con-
taminating cytochrome(s) of M, 100000 (Fig. 5)
and by the differential extinction coefficients vary-
ing for the cytochromes between and within the
two organisms; a value of 20 mM~!-cm™! was
assumed in all cases.

The dissociated reaction-center preparation
shows several major polypeptides (Fig. 5) of which
those of M_= 40000, 37000, 34000, 27000 and
26 000 are within 1000-2000 of their counterparts
in the Rps. viridis complex and are thought to be
subunits of the reaction center. The 40 kDa poly-
peptide band is brown and stains for heme, and
may contain the hemes of both cytochromes ¢-557
and c¢-555 similar to the 38 kDa band in Rps.
viridis component (Ref. 6 and Fig. 5). The band at
37 kDa is probably equivalent to the H-band in
other purple bacterial reaction centers. The 34, 27
and 26 kDa bands are probably equivalent to the
M- and L-bands of BChl a-containing reaction
centers [5] because of their sizes and their aggrega-
tion on boiling (cf. [30]). Specific antibody studies
and/or amino acid sequence determination will
confirm or disprove these conclusions, and are
also needed to decide whether or not the doublet
at 27 and 26 kDa represents two forms of the
L-band. Although proteolysis may explain the
presence of the doublet, we found proteolytic in-
hibitors (EDTA, phenylmethylsulfonyl fluoride)
did not change their relative proportions when
added during isolation or when the reaction center
would have had increased exposure to proteases
during preparative procedures that took much
longer. If the proposed equivalences are correct,
the ratio of the amount of each polypeptide would
be about the same in both T. pfennigii and Rps.
viridis complexes (see Fig. 5).

We have not yet determined which quinones
occur in the T. pfennigii reaction center; it is
known that the Rps. viridis component contains 1
mol each of menaquinone and ubiquinone [31,32].
Further purification of the T. pfennigii complex is
desirable to establish unequivocally its subunit
composition, however, increased purity may be
difficult to attain because the complex does not
precipitate with standard, non-denaturing agents
(e.g., ammonium sulfate) and because it has limited
stability above 4°C.

The photochemical reactions in the isolated T. pfen-
nigii reaction center

The preparation is photochemically active (Figs.
4 and 6). Illumination of dithionite-reduced reac-
tion centers at 77 K bleached all of the 781 nm
band and caused other absorbance changes at 546



and 551 nm, which we interpret as being due to
the transfer of one electron from cytochrome ¢-555
via P-960 to reduce most, perhaps all, of one of the
two BPh molecules, i.e., BPh ;. Most of the added
electron density resides on the BPh molecule (cf.
{13]) under the above conditions of illumination,
and therefore, the changes in the 820-850 nm
region must be mainly due to a peak shift of the
BChl with the unpaired electron on the BPh, caus-
ing a large loss of oscillator strength of the shifting
BChi(s) [19] and, to a lesser extent, due to reduc-
tion of BChl if it forms an acceptor complex with
BPh as proposed by Shuvalov and Parson [13]. In
addition, the change around 607 nm (Qx band of
BChl) must also be considered largely as a peak
shift.

We believe that illumination of reduced reac-
tion centers at room temperature (Fig. 6B) caused
reduction of more than one BPh molecule. The
788 nm peak (Q, bands of BPh,, and BPh,g)
was almost completely bleached, and the extent of
the absorbance change at 549 nm is concomitant
with reduction of more than one BPh molecule [7].
The absorbance remaining in the 788 nm peak
after illumination may be due to absorbance of
BPh~ ion and/or incomplete reduction of all the
BPh present. If our interpretation of the changes
in the 820-850 nm region (above) is correct, then
similarly very little of the transferred electron den-
sity resides on the BChl after room-temperature
illumination, since the absorbance changes in the
840 and 610 nm regions (Qy and Qx bands of
BChl) are quantitatively very similar under both
conditions. It should be noted that the primary
reaction in Rps. viridis reaction centers at room
temperature, brought about by a laser flash, shows
identical absorbance changes [11] in the picosec-
ond time-domain to those resulting from continu-
ous 960 nm-illumination of reduced reaction
centers at 293 K, but not to those produced by
illumination at 77 K [10] or by white light {29].
Thus, 960 nm illumination at 293 K may be the
only condition used that causes physiologically
significant reactions. On the basis of the present
study and the former one on Rps. viridis [10], we
suggest that in the primary photochemical event,
an electron is driven from P-960 via the two BPh
molecules (we cannot detect the reduction of one
BPh molecule prior to the other) to a quinone
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molecule; one BChl molecule may be associated
with one of the BPh molecule to form an acceptor
complex [13]. We cannot eliminate the possibility
that a BChl molecule precedes the BPh (molecules)
in the electron transfer sequence cf. [14] in T.
pfennigii reaction centers, since it may not be
possible to trap electrons on the BChl molecule
after both BPh molecules are reduced, due to a
very rapid back-reaction between BChi~ and P960*
[3,13]. The 840 nm band can indeed be made to
bleach almost completely after the 788 nm band
has been bleached by prolonged (0.5-1.5 h) ex-
posure of the reduced reaction centers to strong
white light at room temperatures (Seftor and
Thornber, unpublished data), which could indicate
that a BChl molecule precedes the BPh molecules
in the reaction. However, the prolonged, intense
polychromatic light may cause the electron from
P-960, or from other pigments, to perform
non-physiological reactions [7,10]. Measurement of
absorbance changes in T. pfennigii reaction centers,
brought about by a laser flash, must now prove
valuable in delineating further the primary event
in photosynthetic bacteria. The spectral changes
associated with reduction of either BPh molecule
are known (Fig. 6), and, therefore, if a BChl
molecule receives an electron before the BPh mole-
cule during charge separation, the absorbance
changes at the earliest time after the flash will be
quite different.

Comparison of the spectral forms in T. pfennigii and
Rps. viridis reaction centers

The absorbance of the T. pfennigii reaction
center differs substantially from the Rps. viridis
component by having three — as is usual for a
bacterial reaction center (cf. [1]) — rather than two
near-infrared peaks (Fig. 2). The assignments of
BChl or BPh molecules to each of the three bands
in T. pfennigii, made in the early part of the
Results section, were substantiated by the experi-
ments that followed. Thus, firstly, the 968 nm peak
bleaches on exposure of the preparation to light or
to oxidants (Figs. 1 and 3), as expected if it is due
to the primary donor; secondly, exposure of di-
thionite-reduced reaction centers to light (Fig. 6)
confirmed that the 788 nm peak is due to the Q,
bands of BPh, and that its resolution into two at
77 K (Fig. 3) is due to two spectral forms of BPh.
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TABLE 1

ASSIGNMENTS OF SPECTRAL FORMS IN REDUCED
AND OXIDIZED BChl 5-CONTAINING REACTION
CENTERS TO CHROMOPHORE MOLECULES PRESENT

Data, wavelengths in nanometers, are from Figs. 3 and 6, and
Ref. 29.

Rps. viridis T. pfennigii

Reduced Oxidized® Reduced  Oxidized

965 - 968 -
F-960 { 8202 - { ~830° -
BChl, 851 804 = 841 = 831
BChl, 834 828 = 841 = 831
BPh, > 805 811 781 784
BPh, 789 791 798 799
P*-960 - 832 - =830*

2 Data from Seftor and Thornber [29].

® Equivalence of BPh, between the two reaction centers based
on this form being the BPh molecule to receive the electron
when reduced reaction centers are exposed at 77 K to light
(Fig. 6).

Table I gives our view on the assignment of
chromophores to the spectra forms observed at 77
K in oxidized and reduced T. pfennigii and Rps.
viridis reaction centers [29]. These assignments ad-
equately explain the absorbance or difference
spectra for both components as well as the spectral
differences between the two (Fig. 2). For example,
the differences between the two spectra in Fig. 2A
are due to Rps. viridis, having its two Bph mole-
cules each absorb approx. 15 nm towards longer
wavelengths and one of its BChl absorb at shorter
wavelengths than they do in 7. pfennigii. Similarly,
the relatively much larger shift (851 — 804 nm) of
BChl, in Rps. viridis on oxidation of P-960 [29]
explains in part the difference spectrum in Fig. 2B,
and why the oxidized vs. reduced difference spec-
trum of Rps. viridis reaction centers [6,8] had two
bands appearing in the 800-830 nm region, while
T. pfennigii reaction centers have one (Figs. 1 and
3). Thus, some leeway is permitted in the environ-
ment of the reaction-center chromophores without
impairing function. The virtual absence of a posi-
tive band at 850 nm in the 293 K difference
spectrum (Fig. 2A) is not explained by the assign-
ments made in Table I. This is due to the wave-
length maximum of some, but not all, spectral
forms shifting between 293 and 77 K, and there-

fore describing room-temperature spectra, such as
in Fig. 2A, with 77 K spectral forms will not
always succeed. This and other points regarding
the spectral properties of reaction centers, particu-
larly those of P-960, will be discussed in a subse-
quent paper.

For the present, it is appropriate to comment
further only on our assigning two spectral forms to
P-960 in Table 1. Data on Rps. viridis led some
groups [6,8,9,11] to conclude that P-960 has a
higher energy transition at 850 nm and a lower
energy transition at 965 nm, as expected if an
exciton pair of BChl forms P-960. However, there
is some disagreement on this point [12,13,29]. The
data in this paper contribute to the matter as
follows: since the environment forming P-960 must
be very similar in T. pfennigii and Rps. viridis as
judged by their almost identical 965 nm bands
(Fig. 2), then if the higher energy transition is at
850 nm it should be seen in 77 K spectra of 7.
Pfennigii reaction centers (e.g., Fig. 3). Its absence
indicates to us that the 850 nm band is not due to
the higher energy transition of P-960 [13]. If that
transition is of sufficient oscillator strength to
contribute to the absorbance of the preparation,
and if it occurs at the same wavelength in both
BChl b-reaction centers, then we can only con-
clude that it occurs within the 840 nm band. We
have presented some evidence [29] that in Rps.
viridis reaction centers at 820 nm band is due to
this transition.
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