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ABSTRACT. Reaction centers isolated from three large-scale symmetry mugme, sym21, andsym5-2
described in the previous article of this issue [Taguchi, A. K. W., Eastman, J. E., Gallo, D. M., Jr., Sheagley,
E., Xiao, W., & Woodbury, N. W. (1996Biochemistry 353175-3186] have been investigated by low-
temperature ground state and femtosecond-resolution transient absorption spectroscopy. All three of these
large-scale symmetry mutants undergo electron transfer at 20 K. The msyan@snd sym5-2 have

yields and dominant rates of charge separation comparable to wild type. HowevsynBel mutant

shows a roughly 35% quantum yield at this temperature, and the major kinetic component of the initial
electron transfer is slower than wild type by nearly a factor of 100. simeOmutant showed substantial
changes in the monomer bacteriochlorophyll ground state and transient spectra, ayhitlathdsym2-1
showed changes in the bacteriopheophytin ground state and transient spectra. In pastro@tat,shows

a small absorbance decrease in the region of theédpd of the B side bacteriopheophytin which could

be attributed to 10%20% electron transfer along the B pathway.

Despite the structural symmetry of the bacterial reaction transfer along the two branches (a branching ratio of about
center (Deisenhofer et al., 1984; Allen et al., 1987; Chang 12).
et al., 1991; Ermler et al., 1994), previous measurements  pjrect measurements of the absorbance changes associated
have indicated that the branching ratio between electronyith P*H- formation have also been performed on the
transfer along the A and B sides strongly favors charge picosecond time scale in reaction centers whexeisHhot
Separation inVOIVing A side cofactors [for reviews of reaction reduced |n|t|a||y Such measurements should more ac-
center spectroscopy and function see Kirmaier and Holten curately represent the state of the reaction center fonnd
(1987, 1993), Feher et al. (1989), Parson (1991), Woodbury ,i,0 on the time scale of electron transfer than the optical
and Allen (1995)]. A number of steady state and nanosecondpymping methods. None of these measurements on wild
resolution absorbance measurements have been performefpe reaction centers has indicated that picosecond charge
in which reaction centers with both the primary quinone separation results in any detectabtdHg~ (Kaufmann et al.,
(Qa)! and the A side bacteriopheophytin{Heduced have  1976; Kirmaier et al., 1985; Breton et al., 1986; Bylina et
been shown to form the anion of the B side bacteriopheo- a|., 1988; Lockhart et al., 1990). The highest resolution fast
phytin (Hg) with a limited quantum yield (approximately  transient absorption measurements of the stat¢ Fhave
8%—9%; Tiede et al., 1987; Kellogg et al., 1989). Compar- peen performed at low temperatureRb. sphaeroideR-26
ing this yield to the overall decay rate of the initial electron reaction centers (a carotenoidless strain) (Kirmaier et al.,
donor excited singlet state (P*) under the same conditions 1985; Lockhart et al., 1990). Unfortunately these measure-
(20 ps with reduced Qand Hy; Holten et al., 1978) a  ments are not as sensitive to small amounts of electron
branching ratio of 200:1 in favor of the A side was transfer to H as are the photopumping experiments, and it
determined (Kellogg et al., 1989). Calculations of relative was only possible to set an upper limit of about 10% to the
electron transfer rates along the two paths based on the crystalransient population of f4z".
structure oRhodopseudomonas (Rpifidis (Michel-Beyerle

A X Similar measurements have also been performed on mutant
et al., 1988) implied a much smaller asymmetry in electron

reaction centers in which the A side bacteriopheophytin was
replaced with bacteriochlorophyll (callgd. In this mutant,
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(1995) have suggested that the energy @£ is a critical T T T T
factor in determining the ratio of A side to B side electron
transfer.

The work of Heller et al. (1995) supports the concept that
the protein environment differentially mediates the free
energy of charge-separated states on the two potential
electron transfer pathways, an idea that has been suggested
previously by others [e.g., Parson et al. (1990), Gehlen et
al. (1994), Steffen et al. (1994)]. However, the specific
molecular interactions that give rise to this differential control
in wild type reaction centers is still unknown. Obviously,
the differences between the A and B side electron transfer
pathways of the reaction center ultimately stem from
differences in the identity of the amino acids which make
up their environment. In an attempt to identify the amino
acids important in the asymmetry of initial electron transfer,

a series of large-scale symmetry mutants, described in the
preceding article (Taguchi et al., 1996), were constructed
which between them replace 80% of the M subunit amino symsS-2
acids which come in close contact with P, the monomer
bacteriochlorophylls, or the bacteriopheophytins with their L L ) L
L subunit counterparts. This report describes femtosecond 600 700 800 900
transient absorbance measurements of electron transfer in Wavelength (nm)
three of these mutants.

wild type

Absorbance

RS

sym2-1

Ficure 1: Ground state absorbance spectra of wild tygenO,
sym2-1, andsym5-2 reaction centers frorRb. capsulatusaken

EXPERIMENTAL PROCEDURES in a glycerol glass at 20 K between 500 and 950 nm. Spectra were
. . taken on a Cary 5 spectrophotometer with a spectral resolution of
Mutant Construction and Sample Preparatiofhe mu- 0.5 nm.

tants andRhodobacter capsulatisirains used as the source
of sym0, sym21, sym5-2, and wild type reaction centers was 3-5 uJ over a roughly 2 méarea, and resulted in
in this work as well as the reaction center preparations were excitation of 10%-15% of the reaction centers in the sample.
described in the preceding article of this issue (Taguchi et For all measurements, a weak probe pulse was produced by
al., 1996). Reaction centers prepared in this way contain continuum generation and spectra were detected with a dual
all of the normal reaction center cofactors except far Q diode array spectrophotometer over a 140 nm spectral range.
which is lost. The stochiometry of the bacteriochlorophylls, For long-time kinetic traces (greater than a few hundred
bacteriopheophytins, and carotenoid has been determined irpicoseconds), a no-excitation base line was recorded and
the wild type reaction centers by HPLC analysis of extracts subtracted from the data to remove the small (less than 0.02)
(Gallo, 1994). The loss of Qfrom these preparations has absorbance change offset that can occur on that time scale
been reported previously (Taguchi et al., 1992). S0 due to small movements in the probe beam positions.
reaction centers used here were isolated fromsts-4
background strain (Taguchi et al., 1996). Tagm2-1, RESULTS
sym5-2, and wild type reaction centers were isolated from Low-Temperature Ground State Spectiéigure 1 shows
an U43 background (Youvan et al., 1985). the ground state spectra at 20 K for wild tyRb. capsulatus
Low-Temperature Ground State and Transient Absorbance reaction centers and feymQ sym2-1, andsym5-2 reaction
Spectroscopy Low-temperature ground state spectra were centers. The prominent transitions in the near-infrared region
recorded as described by Williams et al. (1992). Reaction of the spectrum from the wild type include the Gand of
centers were isolated in LDAO-containing buffer, and p at 875 nm, a relatively sharp absorbance peak at 802 nm
rechromatographed into a Triton X-100-containing buffer which includes the Qtransitions of the monomer bacterio-
[Triton buffer: 10 mM KPQ buffer (pH 7.35), 0.04% Triton  chlorophylls, and an asymmetric band centered at 755 nm
X-100, 150 mM KCI] by binding to a DEAE-Sephacel which includes Q transitions from both of the bacteriopheo-
column (Pharmacia), washing extensively with Triton buffer, phytins. In the visible region, the xpands of the bacte-
and eluting in Triton buffer with high salt. Samples were riopheophytins are resolved at this temperature. The band
then dialyzed against Triton buffer, mixed with two parts due to H, appears at 545 nm, and that due tgisiseen at
(viv) glycerol, and degassed before cooling in a helium 532 nm. The band peaking at 598 nm includggr@nsitions
displex refrigerator (APD) to 20 K. from all of the bacteriochlorophylls, and in the wild type
Low-temperature femtosecond spectroscopy was per-these transitions are not resolved.
formed on samples prepared in the way described above The most dramatic spectral changes are seen isythe®
except that 5 mM dithionite was added to reduce the mutant (Figure 1). The Qband of P shifts to shorter
quinones. The femtosecond absorbance apparatus describedavelength, peaking at 855 nm. The 800 nm band is much
previously was used (Woodbury et al., 1994; Peloquin et broader than that of wild type as well as blue shifted several
al., 1995). For this work, excitation was at 860 nm using nanometers (Table 1), and the Rand of the bacteriopheo-
10 nm wide (full-width at half-maximum), 150 fs duration phytins has become distinctly asymmetric. The ratio of the
pulses at a repetition rate of 540 Hz. The pulse intensity peak intensities of the infrared bands has also changed. The
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Table 1: Absorption Band Positions of Reaction Centers Isolated 0.00 wild type
from Wild Type Rb. capsulatusnd Its Mutants ’
) H(Qv) H (Qx) const, " !
reaction center P B  Ha/Hs B (Qx) Ha/Hg 0 g
e
widtype 875 802 755 508 545/532 X %6
symo 855 798 755 587 545/531 005 | : \13ps ] 7
sym2-1 855 802  754/743 599 546/529 900nm 950 nm
sym5-2 868 800 754 587/600  545/532 0.00 F=_t y —

peak of the broad transition near 800 nm is substantially
lower in intensity relative to the Xransition of P and the
Qx transitions in the 540 and 600 nm regions. In the visible 0.05
region, additional resolution of the bacteriochlorophyll
transitions between 590 and 600 nm is also observed.

In reaction centers isolated frosym2-1, the Q band of
P is again shifted to 855 nm and the bacteriopheophytin Q
transitions are resolved at 743 and 754 nm. As witm0,
additional resolution of the bacteriochlorophyll @ansitions

0.1 L L

N , 900 nm 950 nm
t t S

0.00

0.00 F onst. |

2005 /.. 23ps

Absorbance Change

is observed in this mutant. -0.03 | 1
The spectral features of reaction centers isolated from . o0 mm  950mp

sym5-2 are generally very similar to wild type reaction 0 5 10

centers except that the bacteriochlorophylt€@nsitions are

particularly well resolved into two peaks at 587 and 600 nm. 0.0 ' ' A

. L sym2-1

A detailed comparison of the peak wavelengths of the

resolved transitions in each of the spectra in Figure 1 is given . i

in Table 1. 00 oM 1
Transient Absorbance Measurements of Stimulated Emis- o2l 770’1,5;/ |

sion. The absorbance changes as a function of time were ' 02~ 7 350ps

recorded in the wavelength region between 840 and 960 nm . . 9q0nm 950 np

for wild type and each of the three mutants. The top panel 0 200 400 600

of Figure 2, which displays the wild type data, shows the Time (ps)

decay of the ab.sorbance _Cha_nge at 930 nm as a function OfFIGURE 2: The decay of the stimulated emission at 20 K and 930
time. The dominant contribution to the absorbance changes,, (Rb. capsulatusvild type reaction centers), 920 nraym5-2

at early times in this region in wild type reaction centers is reaction centers), or 910 nymoOandsym2-1 reaction centers)
from stimulated emission [Kirmaier & Holten 1988a; for Note that the time scale of the absorbance changesynn2-1
reviews see Kirmaier and Holten (1987) and Woodbury and reaction centers is roughly 50 times longer than the other samples.

. Excitation was at 860 nm with a 150 fs pulse. The insets in each
Allen (1995)]. The wild type absorbance changes between panel show the amplitude spectfg(l), and their associated time

880 and 970 nm were fitted to two exponential decay terms constantsy, that result from globally fitting the absorbance change
and a constant: kinetics every 2 nm over the indicated wavelength range to either

) oxp(Ue) of t exponential docay erms and & constant

— — + As(1) expt/t
AgA) + A)e ™ + Aya)e 1) (V\gi)lé(t))/pe Fz)a(nds;/mz—l: P b AL) OXDL ) - Ao) exptl

72)).
In eq 1,Ai(1) are the amplitude spectra shown in the Figure
2 insets wherd, is the wavelength. The time constants, (Kirmaier and Holten, 1990; Mler et al., 1992; Hamm et
are shown associated with the appropriate amplitude spectraal., 1993; Vos et al., 1991; Woodbury et al., 1994). A
in the insets. Fitting the wild type data to only one representative fit is shown in the inset to the wild type panel
exponential decay term and a constant resulted in a statisti-in Figure 2 which resulted in exponential decay times of
cally inferior fit (a 15% increase in thg?), and at some 1.3 and 6.6 ps. This was a global fit over 100 transient
wavelengths the fitting residuals clearly deviated from zero absorbance spectra taken at 150 fs intervals between 880
beyond the noise limitations of the data. Though in all fits and 970 nm. The amplitude spectra of the two rapidly
two exponential decay terms and a constant were required,decaying components in wild type reaction centers peak at
the value of the time constants)(depended strongly on 906 nm (1.3 ps) and 902 nm (6.6 ps), implying a time-
the time scale of the measurement (data were taken on 15dependent shift of the stimulated emission to higher energy
50, and 100 ps time scales) and the wavelength region overon this time scale. This feature, a time-dependent blue shift
which the fit was performed. Depending on these factors, of the stimulated emission, was independent of the time scale
the shorter of the two time constants ranged from 1.2 to 1.5 of the fit. A shift of this nature has been observed previously
ps, and the longer one ranged from 4 to 14 ps. Apparently in mutant reaction centers fromb. sphaeroidesit low
the decay of the stimulated emission is not well described temperature (Nagarajan et al., 1993).
by the sum of a small number of exponential decay terms. Figure 2 also shows the decay of the stimulated emission
Complex decay kinetics of P* have previously been observed for each of the mutants. In each case, kinetics are shown at
in Rb. capsulatuseaction centers (Du et al., 1992; Chan et a wavelength just to the lower energy side of the stimulated
al., 1991) as well as in reaction centersRii. sphaeroides  emission peak (920 nm faym5-2 and 910 nm for both
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symOandsym2-1). The decay of the stimulated emission
from symOon the 20 ps time scale was adequately fit with
a single-exponential decay term and a constant to within the
signal-to-noise of the data (Figure 2). Due to low yields of
reaction centers from theymOmutant, the concentration,
and thus the signal-to-noise ratio, for this sample was lower
than wild type. The time constant for the stimulated emission
decay is 3.9 ps. There is no obvious 1 ps component in this
data. Fits of a data set taken over a 100 ps time scale
required two exponential decay components with time 0.00
constants of 2 and 40 ps as well as a constant term for an
adequate description of the data (data not shown). On this
time scale, the 2 ps component's lifetime is not well resolved,
but it has an amplitude roughly three times that of the 40 ps
component. The spectral peak of the stimulated emission
occurs at higher energy sym0(890 nm) than in wild type
(about 905 nm), and in the longer time scale data there is a
several nanometer shift of the stimulated emission to higher
energy with time (data not shown).

Like wild type, global fitting of the absorbance changes
in the stimulated emission region feym2-1 reaction centers . )
required at least two exponential decay terms and a constant ' } - — } }
term for an adequate description (70 and 350 ps with the
longer decay term having the dominant amplitude). How-
ever, forsym2-1, the decay time constants were nearly a
factor of 100 longer than those observed in wild type (Figure
2, bottom panel). Using only one exponential decay term
and a constant for the global fit resulted in a 15% increase
in %2 and clearly showed systematic deviations from zero in . L . . L
the fitting residuals. When short time data (15 ps time scale) 750 800 850 900 950
are globally fit in the 866-970 nm region, a fast component
of about 5 ps lifetime is observed, with an amplitude of about ) )

25% of the total decay. On this time scale, there is also a FIGUR.E 3: Tlme-resolvgd transient absorbance spectra at 20 K of

. . . reaction centers from wild typ@b. capsulatussym0, sym21, and
shift of the stimulated emission spectrum by several NanoOM-gym5_> Times are as indicated. These traces were taken in two
eters toward higher energy with time (data not shown).  wavelength sections, from 730 to 870 nm and from 830 to 970

Reaction centers fronsym5-2 show a decay of the nm, using a dual diode array spectrophotometer arranged to observe

timulated . hich is similar to wild t the 15 a 140 nm region in 2 nm increments during any single measurement.
stimulated emission which IS simifar to wild type on the The spectra in the two regions were merged by normalization and

ps time scale. Only a single-exponential decay term with @ averaging between 830 and 870 nm. Excitation was at 860 nm with
time constant of 2.3 ps was required for the fit, rather than a 150 fs pulse. The probe polarization was at the magic angle

the two exponential decay times used in the wild type, but relative to the excitation pulse polarization.
the signal-to-noise ratio in theym5-2 decay trace is

somewhat lower than that for wild type, again due to limited
sample resulting in small signals. In this case, increasing

the number of exponential decay terms only improved the ing near 757 nm occurs, presumably due to reduction,of H

2
x* by about 5%, ] ~accompanied by a small absorbance decrease near 740 nm
Absorbance Change Spectra as a Function of Time (shown in more detail below). The large absorbance increase
between 730 and 970 nnigure 3 shows the time-resolved 5t 785 nm and decrease at 805 nm in the charge-separated
absorption difference spectra between 730 and 970 nm alstate have been assigned to a shift of one or both of the
various t_lmes after exc_ltatlon. Spectra were taken in tWo monomer bacteriochlorophyll transitions to higher energy
overlapping spectral regions (73860 nm and 836970 nm) [see Kirmaier and Holten (1987) for a review]. During the
and were normalized in the overlapping wavelength range same time period, the stimulated emission in the 910 nm
near 850 nm. One hundrgd t|me-resolv9d spectra wereregion decays, leaving they@leaching of the P band at
recorded at different times in each experiment. Three of 870 nm as the dominant feature to the lower energy side of
these spectra are shown in Figure 3 for wild type and eachgog nm in the 10 ps spectrum. These changes occur with
of the mutants. three approximate isobestic points at 764 and 794 nm and
The 20 K spectra shown for wild type reaction centers between approximately 820 and 860 nm. Similar isobestic
follow a time course similar to that seen previously [Kirmaier points have been observed in the low-temperature transient
& Holten, 1988a; for reviews see Kirmaier and Holten (1987) absorbance spectra Bb. sphaeroide&irmaier & Holten,
and Woodbury and Allen (1995)]. At 0.4 ps, the prominent 1988b).
spectral features are the presence of the stimulated emission The spectral evolution in theymOmutant (Figure 3) is
in the 910 nm region, the large bleaching of theb@nd of different from that observed in wild type. In the excited
P peaking at about 870 nm, a narrow absorbance increasestate, the absorbance increase near 800 nm is more pro-

-0.05

-0.10

Absorbance Change

Wavelength (nm)

near 800 nm accompanied by a broader absorbance increase
near 790 nm, and a small but significant absorbance decrease
near 757 nm. As electron transfer proceeds, further bleach-
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nounced, narrower, and shifted to higher energy. It is

accompanied by an absorbance decrease on the lower energy sy/'"z L—~—
side which is also more pronounced than that seen in wild g 03 Tt \\ 1
type (relative to the absorbance decrease in théapd of < whahpe ]
P). The absorbance decrease near 755 nm during electron 02r 7]
transfer in this mutant is not as large as it is in wild type — : :
(this may be partly due to incomplete electron transfer after 0.05 ' 0 4' ps
20 ps in Figure 3, since there is a minor 40 ps component to ’
the charge separation reaction, see above) and the absorbance 0.00 F—— — 7~ / 1
increase seen in the charge-separated state near 780 nm is N\ /
broader than that in wild type and less pronounced compared 0,05 | wildtype 10ps"_ i
to other spectral features (Figure 3). The peak intensity of ’ t + + v
the stimulated emission appears to be smallesyimOthan /
in wild type and shifted roughly 15 nm to higher energy. g 003 -_—/ﬁﬂs_\/
There is little recovery of the ground state bleaching in the g
840-850 nm region with time, even on the 100 ps time scale 5 BP——— ~_ /
(data not shown), indicating that the overall yield of charge 8 00 gym 20ps =~ — ]
separation in this mutant is high (see below). _§ ' ' o

The mutansym2-1, which shows the largest changes in S 005} m
the kinetics of electron transfer, has a charge-separated state 5 /
formed after 650 ps which is spectrally similar to that T /
observed in the wild type, with the exception of some 0.00 - o N4
apparent additional bleaching in the 82860 nm region il Ll
(Figure 3). However, there are several significant differences 0.03 | 04 ps / _
in the early time evolution of the system. There is clearly — /
a large recovery of the ground state bleaching in the-840 0.00 <V
850 nm region in this mutant, indicating that the yield of N /
electron transfer is low (see Discussion for a quantitative syms-2 10ps™ "
estimate). In addition, the early time spectra show little if "0'03730 740 750 760 770
any bleaching of the 755 nm band at early times (Figure 4), Wavelength (nm)

in contras_t to the res_ults in wild type_ and the other mutants, FIGURE4: Top panel: ground state spectraRif. capsulatusvild
and the size of the stimulated emission band at 12 ps appeargpe andsym2-1 reaction centers between 730 and 770 nm. Lower
to be enhanced and substantially blue shifted relative to wild panels: transient absorbance spectra in the-73® nm region of
type. At0.4 ps, the stimulated emission band is even slightly wild type, sym0, sym21, andsym5-2 reaction centers. The data
more pronounced than at 12 ps (data on the 0.4 ps time scalshown are the same as those in Figures 3 and 4 but are expanded
for sym2-1 were only taken in the 826960 nm region and  (© ShoW this spectral region.
thus a complete spectrum over all of the NIR bands is not predominantly gives rise to the lower energy part of the 755
shown in Figure 3). nm ground state band, as has been determinedRfor
Thesym5-2 mutant (Figure 3) behaves more like the wild sphaeroideseaction centers based on selective formation
type than any of the other mutants considered here. Theof Hy~ and H~ via optical pumping techniques (Robert et
early time absorbance increase near 800 nm is somewhatl., 1985). The broader transition centered near 740 nm in
less pronounced than in the wild type, and the position of the ground state spectrum which makes the bacteriopheo-
the stimulated emission transition is shifted about 10 nm to phytin Qy transition asymmetric presumably reflects the
higher energy, but the time-dependent spectra are generallytransition of H (Robert et al., 1985) and is in roughly the
analogous to those seen in Figure 3 for wild type reaction same position as the broader, weaker absorbance decrease
centers. observed in the 10 ps wild type spectrum of Figure 4 at about
A more detailed picture of the spectral evolution in the 738 nm.
730—-770 nm region for wild type and the three mutants is  In symQ the dip in the early time absorbance spectrum
shown in Figure 4. Wild type reaction centers show a near 755 nm is less pronounced than the analogous 757 nm
substantial bleaching at about 757 nm even at very early feature in wild type, and isym2-1, this feature is essentially
times (0.4 ps). This is similar to previous low-temperature absent at 0.4 ps, becoming significant only after 20 ps (Figure
results inRb. sphaeroidegVos et al., 1991; Woodbury et  4). In all of the mutants, a bleaching of the 75850 nm
al., 1995). With time, the bleaching in this region increases, ground state absorbance band becomes larger as initial charge
presumably reflecting the formation of the bacteriopheophy- separation proceeds. As in wild type, the growth of this
tin anion. In addition to the major absorbance decrease atfeature is accompanied by a dip in the absorbance spectrum
757 nm, there is a smaller, broader absorbance decreasbetween 733 and 743 nm, depending on the sample. The
observed near 738 nm. Looking at the ground state relative size of the 733743 nm feature varies from mutant
absorbance spectrum of wild type reaction centers (Figureto mutant. In the longer time difference absorbance spectra
1) one can see that the 755 nm transition is asymmetric, with of sym2-1 (Figure 4, third panel, 650 ps), the extent of the
a shoulder on the higher energy side. In fact, the absorbancebleaching of the band in this region is more significant than
decrease seen at 757 nm in Figure 4 appears to be narrowethat seen in wild type (Figure 4, first panel, 10 ps), relative
than the total ground state absorbance band in Figure 1. Thigo the magnitude of the absorbance decrease in tHza@d
is presumably because the bacteriopheophytin on the A sideof P. The 20 K ground state absorbance spectrum in the Q
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sym2-1 —

Absorbance

wild type
10 ps

sym0Q
10 ps

Absorbance Change

symS-2

13 ps

550

520 530 540

Wavelength (nm)
Ficure 5: Top panel: Ground state spectra Rb. capsulatus
reaction centers from wild type amym2-1 in the 510 to 560 nm
region at 20 K. Expanded from Figure 1. Lower panel: transient
absorbance spectra 8fb. capsulatuseaction centers from wild
type, sym0, sym21, andsym5-2 at 20 K in the 516-560 nm
region excited at 860 nm. Times as indicated. Data was collected
simultaneously over the spectral region shown using a dual diode
array spectrophotometer. One point is shown every 2 nm.

region of the bacteriopheophytins Bym2-1 (Figure 1)
shows two resolved transitions. The higher energy transition
is apparently shifted to the blue relative to the wild type by

Lin et al.

reaction centers. The absorbance changes observed for wild
type in this region are similar to previously published data
[reviewed by Kirmaier and Holten (1987) and Woodbury
and Allen (1995)]. There is a prominent bleaching of the
Ha ground state transition at 545 nm and a very small
absorbance change feature near 525 nm. Similar spectral
changes are observedsgmOandsym5-2 reaction centers.
There is a small, but significant, absorbance decrease at the
position of the higher energy absorbance band of the
bacteriopheophytin isym2-1.

DISCUSSION

Effects of Symmetry on the Rate and Yield of Electron
Transfer. In the preceding article of this issue (Taguchi et
al., 1996), it was shown that large-scale symmetry mutations
near the cofactors involved in the initial electron transfer
reaction and their symmetry related counterparts generally
do not result in loss of the ability to grow photosynthetically.
The one exception to this rule wagmQ but in this case it
was possible to isolate genomic suppressor mutations which
allowed photosynthetic growth, implying that it was the
stability of the photosynthetic unit, rather than the inherent
activity of the reaction center, which resulted in the loss of
photosynthetic growth capability.

These results are consistent with the measurements of
electron transfer rates and yields of charge separation shown
in the present report. Each of the isolated reaction centers
were capable of charge separation. Note that a detailed
discussion of initial electron transfer rates and yields,
particularly in some of the mutants, is complicated by the
fact that charge separation in both mutant and wild type
reaction centers does not occur with single exponential
kinetics [see Woodbury and Allen (1995) for a review].
However, it is possible to consider the dominant charge
separation kinetics, which presumably dictates the overall
ability of the reaction center to function. It is also possible
to talk about the yield of photochemistry at a particular time,
defined as the amount of the P band in the 8880 nm
region that remains bleached (Woodbury et al., 1994), even
though this may not represent the yield of a particular

several nanometers. In the transient absorbance spectra ofpectrally distinct state.
Figure 4, one can see that there is a greater absorbance Tphe symOand sym5-2 mutants both underwent charge

decrease between the excited state ahdsP in the 730-

745 nm region osym2-1 than in any of the other samples.
This could be due in part to additional bleaching of the higher
energy bacteriopheophytin transition sym2-1, though

separation with rates (Figure 2) and vyields (Figure 3)
approaching wild type values, though in the caseyhQ
there is a minor longer time component associated with
charge separation on the tens of picosecond time scale. The

there are apparently other absorbance changes in this regiojiscrepancy between the 10 ps value of the P* decay time

as well.
Qx Transitions of the Bacteriopheophytinghe A and B

in symOreaction centers measured by transient absorbance
and the roughly 40 ps value reported from time-correlated

side bacteriopheophytins can be distinguished spectrally insingle-photon counting measurements (Taguchi et al., 1996)

the Q transition region at low temperature [for a review,
see Kirmaier and Holten (1987)]. In wild typgeb. capsu-
latus the maximal ground state absorbance of id at
approximately 545 nm at 20 K and that oglis at 532 nm

comes from the fact that the P* decay in this mutant is not
single exponential, and the single photon counting measure-
ments, which are done on the nanosecond time scale, tend
to weight the longer components in the fitting. Assuming

(Figures 1 and 5). The spectral resolution of these two bandsthat at 850 nm the only absorbance change of significance

has made it possible to distinguish between electron transfe
resulting in Hy~ formation versus B~ formation by observ-
ing the bleaching of the ground state spectrum in this region
shortly after the initial electron transfer reaction is complete.
Figure 5 shows the absorbance changes that occur upo
charge separation in thex@ransitions of the bacteriopheo-
phytins for wild type and the threRb. capsulatusnutant

fat any time after excitation is ground state bleaching, the
yield of electron transfer for wild typesymO,andsym5-2

can be estimated to be greater than 90% [see Taguchi et al.
(1992) or Woodbury et al. (1995) for a detailed discussion
rof yield estimates]. This is true f@ymOeven after 90 ps
when most of the slower (40 ps) component of charge
separation is complete (data not shown).
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The mutantsym2-1 gave a much slower overall rate of apparent shift of the 802 nm band to 800 nm, and a new
electron transfer (Figure 2), but even in this mutant, there transition is present in the 790 nm region. This suggests
was a significant yield of the final charge-separated state that the long-wavelength side of the 802 nm band in wild
(Figure 3). Again judging from the recovery of the ground type reaction centers is in part due to the B side monomer
state absorbance at 850 nm, this yield is estimated to be aboubacteriochlorophyll, sinceym0Oshould primarily affect the
35% after 650 ps in quinone-reduced reaction centers at lowB side monomer bacteriochlorophyll. This is consistent with
temperature. Measurements of this mutant at room temper-the results obtained following reduction ot By NaBH,
ature have indicated that the overall rate of electron transfertreatment (Holten et al., 1987; Maroti et al., 1985). There
is about (10 ps)* (data not shown) with yields of s~ also appears to be a somewhat less pronounced shift to higher
and PQa~ formation of 80%-90%. Note that the spec- energy insym0Oof a transition within the bacteriopheophytin
troscopy of this mutant at room temperature is ionic strength Qy band. The closest bacteriopheophytin to the mutation is
dependent, and a complete analysis of ionic strength effectsHg. Identification of the lower wavelength bacteriopheo-
on electron transfer rates has not been performed. At low phytin as K is consistent with previous measurements in
temperature, the ionic strength effects on the spectrumRb. sphaeroidegRobert et al., 1985).
disappear (to be published elsewhere). As described in the previous paper of this series (Taguchi

One of the most significant changessym2-1 is the Tyr et al., 1996), it is possible to isolate suppressor mutations
to Phe change at M208. It has been shown previously thatwhich allow symOto grow photosynthetically (the original
the time constant for electron transfer increases from aboutsymOmutant was not photosynthetically viable). Two types
3.5 ps in the wild type to about 10 ps in the Tyr to Phe of suppressors were found. One has a genomic origin and
mutant at 295 K (Nagarajan et al., 1990, 1993; Finkele et was used to generate a background strsys®-4) by curing
al., 1990; Jia et al., 1993) and that the electron transfer ratethe original suppressor strain of its plasmid (Taguchi et al.,
in this mutant is essentially temperature independent down1996). ThesymOreaction centers described above were
to about 80 K (Nagarajan et al., 1993; Jia et al., 1993) and expressed in this background strain. Another type of
then speeds up somewhat at lower temperatures (Jia et al.suppressor showed a single amino acid change within the
1993). Howeversym2-1 undergoes charge separation with symQOregion at M173 and was referred to agmOR-4
a dominant time constant of several hundred ps at 20 K (Taguchi et al., 1996). This amino acid is normally a proline
(Figure 2), much longer than the time constant observed forin Rb. capsulatugnd is changed to a phenylalanine in the
the individual Tyr to Phe mutation. The electron transfer symOmutation. The suppressor mutation involves changing

rate and its temperature dependence in the msygme-1 this to a valine, which is the amino acid normally present in
appear to behave more like the Tyr to Trp mutation at M208 the analogous M subunit position &b. sphaeroidesind
than the Tyr to Phe mutant. The Tyr to Trp mutant Rh. Rp. viridis. The symOregion comprises a loop of amino

sphaeroideseaction centers) has a lifetime of about 40 ps acid sequence including the—~D interhelix region which

at room temperature and about 155 ps at low temperatureforms a roof over B. At the end of the loop there is a sharp
(Nagarajan et al., 1993). In addition, the P/midpoint bend which is at least in part defined by the M173 position.
potential of the Tyr to Trp mutant is about 50 meV above Very likely introducing a phenylalanine into this position
wild type (Nagarajan et al., 1993), as it is sBym2-1 causes a structural change in the loop which alters the
(Taguchi et al., 1996). Theym2-1 mutation changes six  environment of B. Consistent with this, the broadening and
amino acids in a row [see Figure 2 of Taguchi et al. (1996)]. shifting of the 800 nm band is not observed in HyenOR-4

This may have a major effect on the local protein structure suppressor (data not shown). As a final check, &G~
which is comparable to introducing a bulky group such as R4suppressor mutation was constructed into a fresh plasmid

Trp at the M208 position. (ensuring that there were no additional mutations anywhere
Effects of Symmetry on the Ground State and Transientelse in the plasmid) and again an essentially wild type
Absorbance Spectroscopy of Reaction Centéiise symQ infrared spectrum was obtained (to be published elsewhere).

sym21, andsym52 mutations all resulted in a blue shift of The suppressor strain does show other differences from the
both the @ band of P and one of the transitions in the 590 wild type in terms of its transient spectroscopy and its ground
nm region (Figure 1). One can also see in Figure 3 that the state spectrum in the,Qegion of bacteriochlorophyll (this
stimulated emission band at early times is similarly shifted band is split as irsym(. These topics will be explored in
to higher energy in each of the mutants. This indicates a a later publication.
general destabilization of the P to P* transition in these Significant differences are seen between the transient
mutants. Shifting of the @band of P and increased spectral absorbance spectra of wild type and thoseyfhOnear 800
resolution of transitions in the 59600 nm region have been nm. This is particularly evident in the early time spectra
seen in a number of mutants in the past [e.g., Taguchi et al.(Figure 3). In the wild type, the substantial absorbance
(1992), and Williams et al. (1992)], and may represent a increase near 800 nm could be interpreted as a loss of
general structural destabilization leading to decreased inter-intensity borrowing from the monomer bacteriochlorophylls
action between the two halves of P. to P upon P* formation [this has been seen in calculations
The mutationssymOand sym2-1 both had significant  of the Rp. viridis spectrum upon removal of P; see Parson
effects on the ground state reaction center spectra in the 755%nd Warshel (1987)]. However, the spectral features of this
and 800 nm regions. As might be expected from the locality region insymOlook less like the loss of intensity borrowing
of the symOmutation [see Figures 1 and 2 in the preceding between the monomer bacteriochlorophylls and P, and more
article by Taguchi et al. (1996)], one of the monomer like a shift of one of the two bacteriochlorophyll transitions
bacteriochlorophyll transitions appears to be affected. Com-to higher energy. Such a shift could also be part of the
paring to wild type, it appears that the absorbance on the spectral changes in this region in the wild type at early times
red side of the 802 nm band has decreased, resulting in amas well.
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The sym2-1 mutation has more pronounced effects on observed in each of the reaction center samples peaks near
the bacteriopheophytin yband than seen isymQ In this 545 nm. In each case, there is some bleaching on the higher
case the two bacteriopheophytin transitions are nearly wavelength side near wheregHabsorbs. However, the
resolved. The new band shape is consistent with the highertransient spectra observed in the 530 nm region fosyw)Q
energy bacteriopheophytin transition shifting toward the blue. and sym5-2 all show featureless changes in this region
However, this is not what would be expected for a mutation which do not correspond very well to the ground state
which primarily affects the environment of sHgiven the absorbance bands (Figure 5). Téen2-1 mutant shows a
previous assignment of theskransition to the higher energy  more significant bleaching of the higher energy kacte-
side of the 755 nm band iRb. sphaeroideéRobert et al., riopheophytin band. This bleaching is centered at about 528
1985). The large effects of theym2-1 mutation on the nm, which is in reasonable agreement with the slightly blue-
bacteriopheophytin Qtransitions are not observed in the shifted H ground state transition (peaking at 529 nm, Table
single site Tyr to Phe mutant at M210 Rb. sphaeroides  1). If one were to interpret the absorbance decrease at 528
(Gray et al., 1990), though a similar splitting is observed nm as B side electron transfer, then one would conclude that
when this Tyr is replaced by His, presumably due to between 10% and 20% of the electron transfer in this mutant
hydrogen bond formation (Jones et al., 1994). It is likely proceeds along the B side #dym2-1. This is similar to the
that the increased resolution of the bacteriopheophytins isresults recently obtained by Heller et al. (1995) for a double
due tosym2-1 changes at positions other than M208 (which mutant that introduced a ligand near the A side bacteriopheo-
corresponds to M210 iRb. sphaeroidgs phytin changing it to a bacteriochlorophyll (the so-calkd

The early time transient absorbance changes in the 755mutant; Kirmaier et al., 1991) and a mutation designed to
nm region are also unique isym2-1 in that there is alter the midpoint potential of the A side monomer bacte-
essentially no indication of bleaching of the ground state Q riochlorophyll (M203 Gly—~Asp; Williams et al., 1992). In
transitions of the bacteriopheophytins (Figure 4). This is in this double mutant, the transition normally near 545 nm due
contrast to wild type and the other mutants which all show to Ha was absent, obviating any small absorbance changes
such a feature at 0.4 ps [Figure 4; see also Vos et al. (1992)].due to reduction of Kl It was suggested that the perturbation
In this respectsym2-1 resembles the triple mutant, LH- of the By environment resulted in an increase ifnBR~
(L131)+ LH(M160) + FH(M195) (Lin et al., 1994), which  energy relative to B slowing down A side electron transfer
also showed no early time bleaching in the 755 nm region and thus increasing the yield of B side electron transfer
and, likesym2-1, showed an enhanced stimulated emission (Heller et al., 1995). One could make a very similar
band (Woodbury et al., 1995). It was suggested that in the argument in the case afym2-1. This mutation should
triple mutant this was due to a decreased charge-separategerturb the environment of the A side cofactors (including
character of the system on subpicosecond time scales. OtheBa), making electron transfer along the A-path less favorable
than the large loss of charge separation yield, the transientand thus, allowing some B side electron transfer to take place.
absorbance spectra at later times$pm2-1 are similar to This suggestion is consistent with the results of Gray et al.
those of wild type. (1992) who used photopumping methods to generate a steady

Effects of Symmetry on the Pathway of Electron Transfer. state population of bacteriopheophytin anion in a single site
One of the major motives for generating reaction center mutant of Rb. sphaeroidesM210(Y—F) (a submutant of
mutants with increased symmetry is to study the effect of sym2-1). They found evidence for some electron transfer
the protein environment on the path of electron transfer. For along the B-branch in this mutant.
this reason, measurements of difference spectra in the regions Given the similarity of these results to the more spectrally
of the Q¢ and Q ground state bacteriopheophytin transitions identifiable results of Heller et al. (1995), it is tempting to
were performed (Figure 5). In the bacteriopheophytin Q suggest that a similar level of B side electron transfer may
band (Figure 4), there is a greater absorbance decrease ohe occurring insym2-1 as was seen in the double mutant
the higher energy side (near 740 nm in the wild type) during described by Heller et al. (1995). However, it is difficult to
charge separation isym2-1 compared to the wild type. prove that the transient absorbance changes observed rep-
Since the ground state absorbance in this region is thoughtresent H anion formation and not small band shifts which
to be predominantly due togH{Robert et al. 1985; Tiede et  overlap with the H transition and its vibrational overtones
al., 1987), one could use the enhanced absorbance changes this region.
in this spectral region isym2-1 as evidence for bleaching Whether or not small fractions of the initial charge
of the ground state transition of gHdue to H anion separation occur along the B branch in some symmetry
formation. However, this interpretation is complicated by mutants, the fact remains that no single region of the D or
the overlap between the sHand H; bands, absorbance E helices or the €D interhelical region encompassed by
features present in this region in the excited state (see thethese mutations [includingymlwhich was studied previ-

12 ps spectrum in Figure 4ym2-1) and the possibility of  ously both at room temperature (Taguchi et al., 1992) and
small electrochromic shifts in these transitions upon charge at low temperature (H. A. Murchison and N. W. Woodbury,
separation. unpublished data)] is solely responsible for the asymmetry

The Q transitions of the bacteriopheophytins are better of electron transfer in the reaction center, at least if one
resolved from each other and presumably more cleanly interprets the @region of the bacteriopheophytin spectrum
separated from the bacteriochlorophyll transitions than are in the traditional way. Though there are a small number of
the bacteriopheophytin Qransitions [though Shkuropatov amino acids in the B and C helices which come in close
and Shuvalov (1993) suggested that bacteriochlorophyll contact with the cofactors involved in the initial electron
transitions may contribute in this region]. Therefore, this transfer reaction that are not included in the symmetry
region is usually used for studies of electron transfer pathway. mutants studied (e.g., the glutamic acid at L104), about 80%
As shown in Figure 5, the dominant absorbance decreaseof amino acids which define the asymmetry of the initial
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charge separation event are encoded within the regionsErmler, U., Fritzsch, G., Buchanan, S. K., & Michel, H. (1994)

modified in this study or previous work (Taguchi et al.,

1992). While it is still possible that one of the unmutated
amino acids is the predominant factor in determining the
direction of electron transfer, it seems much more likely, at
this point, that many different, nonsequential amino acids
are involved. This conclusion is consistent with the results
of Steffen et al. (1994) in which effective dielectric constants
for the A and B branches of the reaction center were
investigated. Their studies indicated that many different
amino acid side chains were important in defining the
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asymmetric environment of the reaction center cofactors, and Biochem. 207723-731.

thus in determining the direction of electron transfer.

The symmetry mutant studies described in this report also
point out a problem with the use of femtosecond transient

Hamm, P., Gray, K. A., Oesterhelt, D., Feick, R., Scheer, H., &
Zinth, W. (1993)Biochim. Biophys. Acta 114®9-105.

Heller, B. A, Holten, D., & Kirmaier, C. (1995%cience 26940~
945.

absorbance as an assay for B side electron transfer. Comglten, D., Windsor, M. W., Parson, W. W., & Thornber, J. P.

plete symmetrization of the reaction center would presumably

result in 50% electron transfer in each direction. This is
the best that could be hoped for by simply making the

reaction center more symmetric (as opposed to reversing theJi

asymmetry, a more involved, but potentially interesting

approach). Estimates of the ratio of A side vs B side electron

transfer in wild type reaction centers vary from study to

study, but most suggest that this ratio is large, on the order

of 30—100 [e.g., Heller et al. (1995) and Kellogg et al.
(1989)]. If multiple amino acids are involved in defining

the pertinent asymmetry, then it seems very probable that

mutating any single region will change the ratio by less than
a factor of 30. If the wild type ratio of A to B side electron
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transfer is as large as suggested above, then the sensitivityirmaier, C., & Holten, D. (1988bJFEBS Lett. 239211-218.

of the transient absorbance measurements performed her&!
might not be high enough to unambiguously detect as much

as a factor of 5 change in the ratio. Even when small
absorbance changes in the region of ground state
transitions are observed (potentially representing Q@6

B side electron transfer), it is very difficult to distinguish
between H anion formation and other perturbations of the
Hg ground state spectrum, sHtransition vibrational side
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