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ABSTRACT: The circular dichroism anisotropy, (AL — Ar)/A, has been measured for the far-red absorption
band of P" in reaction centers of two purple bacteria (Rhodopseudomonas viridis and Rhodobacter
sphaeroides) and one green sulfur bacterium (Chlorobium tepidum). The anisotropy values for P960"
(Rps. viridis) at 1310 nm was found to be +(13 &£ 2) x 10™*. The corresponding value for P870™ (Rb.
sphaeroides) at 1250 nm was +(11 £ 1) x 1074, but for P840* (C. tepidum) at 1160 nm the value was
negative: —(27 £ 2) x 107*. These results show that the configuration of the special pair in P840 is
significantly different from the configuration in P870 and P960.

The precise orientation of the two bacteriochlorophyll
(BChl)! » molecules constituting the special pair (P960) is
known for the reaction center (RC) of the purple nonsulfur
bacterium, Rhodopseudomonas (Rps.) viridis (Deisenhofer
et al., 1984), and similar information has been found for the
two BChl a molecules making up the special pair (P870) in
another purple nonsulfur bacterium, Rhodobacter (Rb.)
sphaeroides (Allen et al., 1987), but little is known about
the orientation of the BChl a molecules making up P840 in
the RC of the green sulfur bacteria. There is good evidence
that P840 is made up of two BChl a molecules (Swarthoff
et al., 1981b; Wasielewski et al., 1982; Nitschke et al., 1990).
These BChl a molecules are penta-coordinated, and the C,
acetyl and Cyq keto carbonyls are free of hydrogen bonding
(Feiler et al., 1995). The oxidized form, P840™, has a weak
absorption band at 1160 nm (Olson et al., 1992) similar to
the weak absorption bands of P870™ (1250 nm) and P960*
(1300 nm) in Rb. sphaeroides and Rps. viridis, respectively
(Reed, 1969; Olson et al., 1985).

The first indication of asymmetry of P* in a reaction center
(RC) came when the circular dichroism (CD) anisotropy of
the 1300-nm band of P960™" in Rps. viridis was shown to be
+(10 £ 3) x 107* (Olson et al., 1985). Evidence for a major
difference in the asymmetry of P840* (1160 nm) was
discovered in the green sulfur bacterium Chlorobium (C.)
tepidum where the CD anisotropy was found to be negative
(Olson et al., 1992).
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Parson et al. (1992) analyzed the transition at 1250 or 1300
nm in purple nonsulfur bacteria by means of a semiempirical
molecular orbital treatment. Four basis states were con-
structed and combined to give four eigenstates. Transitions
from the lowest state to each of the higher levels gave three
absorption bands. The middle transition corresponded to the
experimentally observed band at 1250 or 1300 nm. Although
the transitions are forbidden in single BChl @ molecules, they
are allowed in the dimer. More recently Reimers and Hush
(1995) have proposed that the absorption band at 1250 or
1300 nm is due to a triplet-coupled absorption occurring on
the neutral By of the special pair. It is a transition localized
on one of the BChl monomers, but whose intensity derives
entirely from the inter-BChl coupling. The Reimers—Hush
approach gives reasonable predictions for the dipole moments
of the 1250- and 1300-nm bands, but the corresponding CD
anisotropy values have not been calculated (J. Reimers,
private communication).

Mattioli et al. (1991) showed by near-infrared Fourier
transform resonance Raman spectroscopy that the unpaired
electron in P870™ does not share a molecular orbital common
to the two components of the dimer on the time scale of ca.
10713 5. The magnitude of the frequency shift of a keto
carbonyl of neutral P870 from 1691 to 1717 cm™' upon
P870" formation strongly suggested that B, in P870" carries
nearly the full +1 charge.

Davis et al. (1993) further showed by modulation analysis
of electron spin echo signals of N chlorophyll centers that
in P870™" and P960~ the unpaired electron is more localized
in one half of the BChl dimer with a ratio of 2:1. Lendzian
et al. (1993) further showed by ENDOR and TRIPLE
resonance studies that in P870" the unpaired valence electron
is unequally distributed over the two BChl a¢ molecules; it
occupies By about two times as much as By. This is
attributed to the difference in energies of the highest filled
molecular ;-orbitals of the monomeric halves, Br and By,
which is caused by differences in the environments of the
two chlorophylls.

In contrast to the situation in P870" Rigby et al. (1994)
have shown by ENDOR and Special TRIPLE spectroscopies
that there is a highly symmetrical distribution of electron
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spin density on the two BChl a molecules of P840 in
membranes of C. limicola. This conclusion has been
confirmed by Feiler et al. (1995) using near-infrared Fourier
transform Raman spectroscopy.

Intuitively it seems as though there should be a connection
between the distribution of the unpaired electron in P* and
the CD anisotropy (asymmetry) of P*. One purpose of this
paper is to investigate this possible connection. The other
purpose is to demonstrate the difference in configuration
between P* in two purple nonsulfur bacteria (Rps. viridis
and Rb. sphaeroides) and P" in a green sulfur bacterium (C.
tepidum).

EXPERIMENTAL PROCEDURES

Preparation of Reaction Centers. RCs from Rps. viridis
were prepared with lauryldimethylamine oxide (LDAO) as
described by Thornber et al. (1981) and Olson et al. (1985).
The RCs in 0.1% Nonidet P-40, 150 mM NaCl, and 50 mM
Tris-Cl (pH 8.0) were concentrated to Agep ~ 8 with an
Amicon ultrafiltration cell (25 000 kDa cutoff) and then
dialyzed against 99.7 % D,0O. RC (P960 reduced) concen-
trations were estimated from egsp = 100 mM™! (Olson et
al., 1985).

Rhodobacter sphaeroides strain R26.1 (kindly provided
by R. A. Niederman of Rutgers University) was grown at
28 °C on succinate medium (Schenck et al., 1982). The cells
were harvested by centrifugation and stored at —50 °C until
use. Crude RC complexes were prepared with LDAO
according to a procedure worked out by Peter Gast of Leiden
University and similar to that used for RCs from Rps. viridis.
The final value of Agss was ca. 90 for a lightpath of 1 cm,
and the RC concentration was estimated to be 90 M from
the magnitude of the photochemical bleaching (Ae = 20
mM™) at 600 nm.

FMO—RC complexes from C. tepidum were prepared with
lauryl maltoside as described by Feiler et al. (1992) and
modified by Miller et al. (1994). During purification on the
Q-Sepharose column, the FMO—RC complex was eluted
with 50 mM Tris-HCI (pH 8.0) containing 0.05 % lauryl
maltoside and varying amounts of NaCl. Between 50 and
200 mM NaCl a broad band was eluted. The composition
of the FMO—RC complex was not uniform over this band,
and it was divided into two fractions: A (50—100 mM NaCl)
and B (150—200 mM NaCl). Both fractions were photo-
chemically active, and both were examined in our study as
samples A and B. The FMO—RC complexes were concen-
trated to an absorbance Agjo of ca. 30 (1 cm) and dialyzed
against D,O. The RC concentration was estimated to be ca.
8 uM from the photochemical bleaching at 840 nm (Ae =
100 mM™H.

Methods. Absorption spectra were recorded on an AVIV
Spectrophotometer Model 17DS UV-VIS-IR, and CD spectra
were recorded on an AVIV Circular Dichroism Spectropho-
tometer Model 41MCD. The CD spectrophotometer is a
single-beam instrument with a long optical path and several
lenses. Sample and reference have to be measured sequen-
tially and are very sensitive to temperature changes. CD
spectra were recorded in 1- or 2-nm steps with 1 s averaging
at each wavelength. Spectral bandwidth was 6 nm. Samples
(1.5—2.0 mL) were chemically oxidized with microliter
aliquots of 1.0 M potassium ferricyanide and chemically
reduced with 1.0 M sodium ascorbate. The temperature was
between 20 and 25 °C.
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FIGURE 1: Absorption (dashed curve) and CD (solid curve)
difference spectra for the 1310-nm band of P960™ in the RC of
Rps. viridis. [RC] = 30 uM. The difference spectra are ferricya-
nide oxidized-minus-no additions (see text for details). The CD
difference spectrum has been smoothed as described under Experi-
mental Procedures.

The software provided with these instruments permits an
increased sensitivity by smoothing the spectra using a
polynomial smoothing (Savitsky & Golay, 1964). The order
of the polynomial and the number of data points included in
the window can be independently selected for each data set.
The smoothing operation was performed on each of the CD
spectra shown using a 3rd-order polynomial and a multipoint
window. The size of the window for each data set was
chosen to minimize the residuals. For each spectrum the
residual series was checked for randomness (Bennett &
Franklin, 1967).

RESULTS

RCs from Rps. viridis. The original preparation contained
P960 in the reduced state as judged by the absence of an
absorption band at 1310 nm. Absolute absorption and CD
spectra of the RCs in the reduced and oxidized state were
recorded between 1200 and 1400 nm. Fully oxidized P960
(maximal absorbance at 1310 nm) was obtained by addition
of 5 uL of 1 M potassium ferricyanide to a 2.0-mL sample.
Fully reduced P960 was regenerated by the addition of 5
4L of 1 M sodium ascorbate.

Oxidized-minus-reduced difference spectra were obtained
by subtracting the absolute spectrum (absorbance or CD) of
the sample before any additions from the absolute spectrum
(absorbance or CD) of the sample in the presence of 5 uL
ferricyanide. The two difference spectra in Figure 1 peak
at 1310 nm and 1320 nm, respectively, and have about the
same shape within the limits of error. The CD anisotropy,
(AL — AR)/A, can be calculated directly to be +(13 £+ 2) x
10~* at 1310 nm. The main source of error is the uncertainty
in estimating the “baseline” of the CD band.

Crude RC Complexes from Rb. sphaeroides. These
complexes contain antenna chlorophyll in addition to the RC.
The ratio of Ags7/Agyx was about 2.0, which is about 4 times
that for pure RCs. Nevertheless, these crude RC complexes
were suitable for absorbance and CD measurements in the
near-infrared where P870™ has its 1250-nm absorption band.
Therefore, absolute absorption and CD spectra were recorded
from 1150 to 1350 nm.

A 2-mL sample of crude RC complexes was titrated with
1-uL aliquots of ferricyanide up to 8 uL.. This was sufficient
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FIGURE 2: Absorption (dashed curve) and CD (solid curve)
difference spectra for the 1250-nm band of P870 in the crude RC
complex of Rb. sphaeroides. [RC] = 25 uM. The difference
spectra are ferricyanide oxidized-minus-ascorbate reduced (see text
details). Other conditions as in Figure 1.

0.00 0.06

®, -0.10 0.03
e ] z

*

% <
< -0.20 A 000 o
' 3
= P

-0.30 - -0.03

1
-0.40 . - -0.08

T
1050 1100 1150 1200 1250
Wavelength (nm}

FIGURE 3: Absorption (dashed curve) and CD (solid curve)
difference spectra for the 1160-nm band of P840% in the FMO—
RC complex (sample A) of C. tepidum. [RC] =~ 7 uM. Other
conditions as in Figure 2.

to give almost complete oxidation of P870, and absolute
absorbance and CD spectra were recorded. Addition of 5
uL of 1 M ascorbate restored P870 to the fully reduced state.
Oxidized-minus-reduced difference spectra were obtained by
subtracting the absolute spectrum (absorbance or CD) of the
sample in the presence of ascorbate from the absolute
spectrum (absorbance or CD) of the sample in the presence
of 8 uL of ferricyanide. The two difference spectra in Figure
2 both peak at 1250 nm and have about the same shape.
The CD anisotropy can be seen to be +(11 £ 1) x 107*
which is about the same as the anisotropy for RCs from Rps.
viridis.

FMO—RC Complexes from C. tepidum. The RC concen-
trations in samples A and B (1.5 mL) were substantially less
than the RC concentrations in the samples from Rps. viridis
and Rb. sphaeroides. This meant that the signal-to-noise
ratio in the CD spectra was substantially less than in the
CD spectra obtained from the earlier samples. Initial
absolute absorption and CD spectra were recorded from 1050
to 1250 nm. For sample A, subsequent spectra were recorded
after each of 4 additions of 0.5 uL of ferricyanide and a
final addition of 2 uL of ascorbate. The oxidized-minus-
reduced difference spectra shown in Figure 3 were obtained
by subtracting the absolute spectra (2 uL of ascorbate) from
the absolute spectra (2 uL. of ferricyanide). For sample B
spectra were recorded after the addition of 1 uL of ferri-
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FIGURE 4: Same as Figure 3 except that sample A has been replaced
by sample B. [RC] ~ 6 uM. See text for details.

Table 1: Summary of CD Anisotropy Values

bacterium P/P* A (nm) anisotropy x 10 reference
Rps. viridis P60 955 433 Philipson and
Sauer (1973)
P960* 1300 +(10x3) Olson et al.
(1985)
1310 +(13£2) present work
Rb. sphaeroides P870 865 +24 Sauer et al.
R26 (1968)
R26.1 P870*" 1250 +(11=x1) present work
C. limicola P840 842 +30 Olson et al.
(1973)
C. tepidum P840t 1160 —(Sor8) Olson et al.
(corrected) (1992)
-27+2) present work

cyanide and again after addition of 1 uL of ascorbate. The
difference spectra for sample B shown in Figure 4 correspond
to those for sample A in Figure 3. Taken together, these
two figures show that the CD band is negative at 1160 nm
and that the anisotropy is —(27 £ 2) x 1074 Because of
the poor resolution of the CD spectra, it is impossible to say
whether the shape of the CD band is the same as that of the
absorption band.

In principle, the difference spectra for samples A and B
should be the same, but Figures 3 and 4 are sufficiently
different to merit some comment. First the CD difference
spectra are much smaller than any of the absolute spectra.
Secondly small temperature changes in the apparatus between
additions of ferricyanide or ascorbate may have introduced
artifacts in the absolute spectra—artifacts not canceled out
by subtraction of the absolute spectra. The CD difference
spectra shown in Figures 3 an 4 both show a distressing dip
in the baseline at 1250 nm. This dip is thought to be an
instrumental artifact perhaps associated with inadequate
temperature control, but the exact cause is not known.
[Previous work (Olson et al., 1973) indicates that the CD
difference spectrum for P8407 is close to zero at 1250 nm.]

These results are summarized in Table 1.

DISCUSSION

Comparison with Previous Results. The anisotropy value
of +(13 £+ 2) x 107* found for P960" is in good agreement
with the value of +(10 & 3) x 107 determined previously
(Olson et al., 1985), but the value of —(27 £ 2) x 107
found for P840 is about 40 times the values of —(5 or 8)
x 1073 determined previously (Olson et al., 1992). (The
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value of =5 x 1073 was found for the light-induced oxidation
of P840, while the value of —8 x 10~° was found for the
chemical oxidation of P840.) If one compares the experi-
ment on P840% in 1992 to the present work, one finds that
the FMO—RC complexes were prepared in the same way
from C. tepidum. In the 1992 experiment the chemically
oxidized-minus reduced difference spectra gave a AA of ca.
0.15 and a A(AL — Ar) of ca. —8 x 107% at 1160 nm. In
the present work the difference spectra (Figure 4) give a AA
of 0.11 and a A(AL — Ar) of —2.9 x 107,

Reexamination of the calibration procedure used for the
1992 experiment revealed an error in the calculation of AL
— Ar at 660 nm for the sample of chlorophyll a in diethyl
ether (A = 1.06) used for the calibration A, — Ag = (A/e) x
(eL — €r). From Houssier and Sauer (1970), ¢ = 86.3 x
1M 'cmand e, — eg = —13.8 M~ ecm™!. Thus AL —
Ar = —1.7 x 1074 (the erroneous value used in the 1992
experiment was —1.7 x 1073). This means that the corrected
values for anisotropy based on the 1992 work are —(5 or 8)
x 107* The value based on the present work is still about
4 times larger than the corrected 1992 values. We cannot
explain the remaining differences.

Comparison of P960 and P870. The X-ray crystal
structure determinations of the RCs of Rps. viridis and Rb.
sphaeroides show that the configurations of the two BChl
molecules in P960 and P870 are very similar, but not
identical. In the first place P960 is composed of two BChl
b molecules, while P870 is composed of two BChl a
molecules. Although the center-to-center distance between
BL and By is almost the same in the two species, the
interaction energy is larger in P960 because the two BChls
are closer together where they overlap in ring I (Breton et
al., 1992).

Ermler et al. (1994) have further pointed out that in P960
(Rps. viridis) the ring 1 acetyl carbonyl oxygens of By and
Bwm are H-bonded to His L168 and Tyr M195, respectively.
In P870 (Rb. sphaeroides) a similar H-bond is formed
between the conserved His L.168 and the ring I acetyl of By.
In contrast the residue at the symmetry-related position on
the M-side, Phe M 195, cannot form a H-bond to By. Thus
the symmetry in H-bonding to the ring I acetyl groups in
the BChl dimer of P960 is not preserved in P870. No other
H-bond to the special pair is found in P870. In P960 Thr
1248 forms a H-bond with the keto carbonyl of ring V of
By, while in P870 L248 is a Met residue that cannot form a
H-bond.

Since the CD anisotropy values for P960" and P870 are
so similar, it appears that the difference in BChl species and
the difference in H-bonding pattern are not very important
for the CD anisotropy. We tentatively assume that the
overall configuration of the special pair is responsible for
the sign and magnitude of the anisotropy. The magnitude
[(11—13) x 1074] is large compared to the values for the
Q, band of monomeric chlorophylls [BChl a or 4 in ether
(= 0.6 x 107%), BChl a in CCly + pyridine (2.0 x 107
(Olson et al., 1985), or chlorophyll @ in ether (—1.6 x 1074
(Houssier & Sauer, 1970)], but is of the same order of
magnitude as that found for the Q, band of P in bacterial
reaction centers (20—30 x 107%; see Table 1). We ascribe
the anisotropy to the asymmetry of the special pair with the
positive charge (unpaired electron) localized on one BChl
only. Since an electron jumps back and forth from one BChl
to the other, the anisotropy measured should be the average
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for the two locations of the hole. We assume that the
configuration of the two BChls in the special pair is
sufficiently symmetrical that the anisotropy of BiBm™ is
essentially the same as the anisotropy of By ™By. The
positive sign on the anisotropy means that the 1250/1310-
nm transition has a large magnetic dipole (helical character)
and a preference for left circular polarized light. We suppose
the position of the neutral BChl with respect to the positively
charged BChl determines the sign and magnitude of the
magnetic dipole and the preference for left or right circular
polarized light.

Configuration of P840. The RCs of green sulfur bacteria
are quite different from the RCs of purple bacteria in many
respects. This can be seen from a comparison of the spectral
characteristics of the two kinds of RCs. The oxidized-minus-
reduced difference spectrum of P840 shows two relatively
narrow negative peaks at 830 and 842 nm (Olson et al.,
1976), whereas the difference spectrum for P960 or P870
shows a single relatively broad negative peak. The reduced
RC-core spectrum for C. tepidum at 77 K shows two narrow
bands at 833 and 836 nm, a narrow band at 817 nm, and
lesser band at 795 nm (Miller et al., 1994), whereas the
reduced spectrum for the RC from Rb. sphaeroides at 77 K
shows a broad band at 890 nm, a band at 802 nm, and a
lesser band at 756 nm (Lockhart & Boxer, 1988). Analysis
of the light-induced absorption difference spectra of P840
and of RC triplet formation in Prosthecochloris aestuarii at
80 K indicates that the bleaching of the P840 band at 836
nm is accompanied by band shifts of BChls (in the RC-core
complex) absorbing at 797, 816, and 833 nm. The pigments
responsible for these absorption changes, P840 and the BChl
a absorbing at 833 nm, have about the same orientation as
the bulk pigments absorbing in this wavelength region with
the Q, transitions more or less parallel to the membrane and
the Qy transitions more or less perpendicular to the mem-
brane. (Swarthoff et al., 1981a).

In contrast to the RC of purple bacteria which contains L
and M protein subunits (31 and 36 kDa), the RC of green
sulfur bacteria contains a single large subunit of about 65
kDa (Buettner et al., 1992). The implication is that the RC
of green sulfur bacteria is a homodimer with one BChl a of
P840 bound to each large protein subunit. The configuration
of the special pair of BChl molecules in P840 is not known,
but the anisotropy data make it clear that the configuration
is distinctly different from that in the purple bacteria. The
negative sign shows that the 1160-nm transition has a
negative magnetic dipole and that the helical character of
the transition has the opposite sense to that of the transition
in P960* and P870".

Relationship between CD Anisotropy and the Distribution
of Charge over P*. It would appear that the CD-anisotropy
is independent of the average distribution of charge over P™.
In the case of P8707 in isolated RCs from Rb. sphaeroides
the anisotropy is +11 x 107* and the positive charge
distribution is 2:1 in favor of By (Lendzian et al., 1993). In
Rhodospirillum (Rs.) rubrum RCs the charge distribution is
1.6:1 in favor of By, and in RCs of Rb. capsulatus and Rs.
centenum the charge is localized mainly on By (Rautter et
al., 1994). The internal geometry of the two BChls of the
special pair was found to be quite similar in all four RCs. In
contrast to the results obtained for isolated RCs, the charge
distribution of P* is identical in chromatophores of all four
bacterial species investigated and corresponds to a ratio of
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2:1in favor of B.. It seems likely that the anisotropy values
for P8707 in RCs of all purple bacteria would be about the
same because of the strong conservation of structure in the
L, M, and H subunits of the RC. The wide variation in
distribution of charge over P~ in isolated RCs from these
four purple bacteria suggests that the distribution of charge
is highly sensitive to the microenvironment of the RC,
whereas the anisotropy is probably not. Finally it should
be mentioned that the anisotropy measurements are made
on a time scale of 107!% s, while EPR, ENDOR, and TRIPLE
resonance measurements are made on a time scale of 10710
s. The optical measurements show the state of P* when the
charge is localized on one BChl or the other. The microwave
measurements show the average state of P* on a longer time
scale.

In the case of P840™ in the RC from the green sulfur
bacterium C. tepidum the CD anisotropy is —27 x 1074,
and the positive charge is equally shared by both BChls of
the special pair (Rigby et al., 1994; Feiler et al., 1995). Both
phenomena result from the loss of an electron by P840, but
beyond that they are largely independent. The anisotropy
is the result of the configuration of the special pair and the
fact that the positive charge is localized on one BChl or the
other during the time scale of the method. On the time scale
of microwave spectroscopy, the delocalization of the single
charge over both members of the special pair, while
depending somewhat on the configuration of the special pair,
depends primarily on the microenvironment of each BChl.
Since the RC in this case is a homodimer, one might expect
the microenvironment of the two BChls to be the same.

Finally, it is interesting to compare the anisotropy values
(Table 1) for the bands at 1160, 1250, and 1310 nm in P* to
the values for the corresponding bands at 842, 865, and 955
nm in P. In the nonoxidized reaction centers all values are
positive, but in P840 the value is negative. This means
that in the reaction center of green sulfur bacteria the
anisotropy of the major infrared band changes from positive
to negative upon oxidation of P840.
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