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ABSTRACT: Because light is not required for catalytic turnover of the cytochrome bgf complex, the role of
the single chlorophyll a in the structure and function of the complex is enigmatic. Photodamage from this
pigment is minimized by its short singlet excited-state lifetime (~200 ps), which has been attributed to
quenching by nearby aromatic residues (Dashdorj et al., 2005). The crystal structure of the complex shows
that the fifth ligand of the chlorophyll a contains two water molecules. On the basis of this structure, the
properties of the bound chlorophyll and the complex were studied in the cyanobacterium, Synechococcus
sp. PCC 7002, through site-directed mutagenesis of aromatic amino acids in the binding niche of the
chlorophyll. The bgf complex was purified from three mutant strains, a double mutant Phel33Leu/
Phel35Leu in subunit IV and single mutants Tyr112Phe and Trpl125Leu in the cytochrome bs subunit.
The purified bef complex from Tyrl112Phe or Phel33Leu/Phel35Leu mutants was characterized by (i) a
loss of bound Chl and b heme, (ii) a shift in the absorbance peak and increase in bandwidth, (iii) multiple
lifetime components, including one of 1.35 ns, and (iv) relatively small time-resolved absorbance anisotropy
values of the Chl Qy band. A change in these properties was minimal in the Trp125Leu mutant. In vivo,
no decrease in electron-transport efficiency was detected in any of the mutants. It was concluded that (a)
perturbation of its aromatic residue niche influences the stability of the Chl a and one or both b hemes in
the monomer of the b¢f complex, and (b) Phe residues (Phe133/Phel35) of subunit IV are important in
maintaining the short lifetime of the Chl a singlet excited state, thereby decreasing the probability of

singlet oxygen formation.

The cytochrome b¢f complex functions in oxygenic
photosynthetic membranes by catalyzing oxidation of plas-
toquinol and reduction of plastocyanin or cytochrome cg. It
thereby mediates electron transfer from photosystem (PS)
IT to PS I in the linear photosynthetic electron-transfer
pathway from H,O to NADP' and contributes to the
electrochemical proton gradient generated across the mem-
brane that is used for ATP synthesis (/, 2). Crystal structures
of the bef complex from the thermophilic cyanobacterium
Mastigocladus laminosus have been obtained to a resolution
of 3.0 A (3), in the presence of the quinone analogue
inhibitor, DBMIB, to 3.8 A (4), in the native state to a
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resolution of 3.0 A (5), and in the presence of the quinone
analogues tridecyl-stigmatellin (TDS) and NQNO to 3.40 A
and 3.55 A (5). The complex was solved from the green
alga, Chlamydomonas reinhardtii, in the presence of TDS
to a resolution of 3.1 A. The b¢f complex is a 220 kDa
homodimeric complex composed of 8 subunits with 13
transmembrane helices in each monomer, 2 p-side extra-
membrane soluble domains, and 7 prosthetic groups per
monomer: 4 hemes, 1 [2Fe—2S] cluster, 1 chlorophyll (Chl)l
a, and 1 f-carotene (Figure 1A). The cytochrome bg subunit
contains four transmembrane helices, two noncovalently
bound hemes (b, and b,), located near the p- and n-sides of
the membrane, and a novel n-side covalently bound heme,
heme ¢, (2, 3, 6). With subunit IV, it forms the core of each
monomer, whose hydrophobic nature is conserved between
the bef and bc; complexes (7).

Four small hydrophobic subunits (MW = 3.3-4.3 kDa),
Pet-G, -L, -M and -N, each having a single transmembrane
helix, enclose the cytochrome bg/subunit IV core of each

! Abbreviations: Chl, chlorophyll; Cyt, cytochrome; DCMU, 3-(3’ 4’
dichlorphenyl)-1,1-dimethylurea; FCCP, carbonyl cyanide p-trifluo-
romethoxy-phenylhydrazone; fwhm, full width at half-maximum; p-
and n-, positive and negative sides of transmembrane electrochemical
potential gradient, respectively; PCR, polymerase chain reaction; PDB,
Protein Data Bank; SDS—PAGE, sodium dodecyl sulfate—polyacrylamide
gel electrophoresis; WTHS and WTHSK, strains of Synechococcus sp.
PCC 7002 that express the Hise-tagged bgf complex that are resistant,
to spectinomycin or spectinomycin and kanomycin.
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FIGURE 1: (A) Structure (view parallel to the membrane plane) of the cytochrome bgf complex from the thermophilic cyanobacterium M.
laminosus (PDB code 2E74). The overall dimensions of the dimer in this profile are 100 x 120 A. Color code for different subunits:
cytochrome bg, blue; subunit IV, cyan; cytochrome f, violet; ISP, yellow; small subunits (petG, -L, -M, and -N), wheat. Prosthetic groups
displayed in space-filling diagrams are chlorophyll (green), S-carotene (orange), all hemes (red), and ion (blue)—sulfur (yellow) cluster.
The membrane bilayer is shown in shallow yellow. (B) Binding niche of the chlorophyll a porphyrin ring. Mutated residues are shown in
sticks, and their distance to the porphyrin ring is indicated. Labels, B, C, F, and G refer to a transmembrane helix in cytochrome b¢ (B and
C) or subunit IV (F and G). Coordination of chlorophyll Mg by two water molecules is shown.

monomer. The cytochrome f and ISP subunits individually
form a large extra-membrane p-side soluble domain that
contain, respectively, a c-type heme and [2Fe—2S] cluster
and are embedded in the membrane by a single C- or
N-terminal transmembrane helix. The core of the cytochrome
be¢f complex is structurally analogous to that of the cyto-
chrome bc, complex of the mitochondrial respiratory chain
and photosynthetic bacteria (8, 9). The charge-transfer
functions are generally thought to be similar, although the
presence of heme ¢, creates a significant difference in
structure with consequences for function (2, 5, 10).

The b¢f complex also contains one Chl a and one
carotenoid molecule per monomer. The porphyrin ring of
the chlorophyll molecule is inserted between the F and G
helices of subunit IV (Figure 1A), and its phytyl chain
extends into a portal on the p-side of the intermonomer
cavity (3, 6, 11). The function of the Chl a in the bef complex
is enigmatic, because no light reaction is required for
enzymatic turnover of the complex. The rate at which light
is absorbed by the Chl a under normal daylight intensity is
5-10 photons s~!, a factor of ~100, smaller than the rate of
turnover (~5 x 10? s™!) of the bgf complex.

The unit pigment stoichiometry makes this a unique system
for the study of intraprotein pigment—protein interactions
without interference from other pigment molecules (/2). A
special feature of the single chlorophyll @ in the complex is
its short singlet excited-state lifetime (zr ~ 200 ps), with a
resultant low quantum yield of the excited triplet and yield
of excited triplet state (/2, 13). This provides at least part
of the mechanism for protection of the chlorophyll from
photodamage, resulting from the generation of singlet oxygen
(13). Additional protection is achieved through an unusual
long-range intraprotein chlorophyll—carotenoid triplet energy
transfer (/4). It was proposed that the short lifetime resulted
from quenching of the chlorophyll singlet excited-state by
one or more aromatic residues closest to the chlorophyll (12, 13).
In the b¢f structure, the chlorophyll porphyrin ring is bound
in a region enriched with aromatic residues (3, 5, 6, 13).
The nearest prosthetic group to the chlorophyll ring is the
n-side heme b,, one of the two bis-histidine coordinated b
hemes that spans the membrane, which is separated from
the Chl a by 5.5 A edge—edge (3, 6).

The present study concerns the interactions of the unique
Chl a with the neighboring aromatic amino acids and the
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consequences for the structure of the b¢f complex of alteration
of these residues by mutagenesis.

MATERIALS AND METHODS

Growth of Cultures. Synechococcus sp. PCC 7002 cells
were grown in medium A (/5), supplemented with 100 ug
mL~! spectinomycin for strain WTHS and 50 ug mL™!
kanomycin for strains WTHSK, he-Y112F, bs-W125L, and IV-
F133L/F135L. Liquid cultures were grown at 38 °C under
cool-white fluorescent illumination at a light intensity of
~100 uEinstein m~2 s~!, bubbled with air supplemented with
~2% (v/v) COs.

Construction of Mutant Strains of Synechococcus sp. PCC
7002. To facilitate protein purification, a mutant strain, WTHS,
which expresses the Hise-tagged cytochrome f'and is resistant
to spectinomycin, was constructed. A plasmid pCA1-LH,
which contains an exogenous EcoR I site and a Hisg tag at
the 3’ terminus of perA and a 0.9 kb 3’ flanking sequence of
petA, was constructed with the template plasmids of pCA2
and pCAL1 (16), and the PCR product of petA 3’-side flanking
sequence from the Synechococcus genome. The plasmid
pCA1-LH was transformed to the Synechococcus sp. PCC
7002 wild-type strain as previously described (/6). To screen
for the complete segregant of the mutant strain WTHS, a 1.1
kb DNA fragment containing the entire petA and a 0.1 kb 3’
flanking sequence was amplified from the genomic DNA of
the transformants that survived on a medium A plate
supplemented with 100 ug mL~! spectinomycin. Complete
segregation and absence of the wild-type allele in the
Synechococcus genome were confirmed by complete diges-
tion of the PCR product by EcoR I and also by sequencing
of the PCR products.

A control strain, WTHSK and Chl a binding-niche mutant
strains, be-Y112F, be-W125L, and IV-F133L/F135, which
contain a Hise-tagged cytochrome f and wild-type cytochrome
be and subunit IV or the indicated mutations on cytochrome
be (“bg”) or subunit IV (“IV”), were constructed as described
below. The corresponding mutations of petB or petD were
performed by PCR-based site-directed mutagenesis (Quick-
Change, Stratagene) with plasmid pBD2 (/) that contains
the petBD operon. The pBD2 plasmid bearing either the wild-
type petBD for generation of control strain WTHSK or mutated
petBD was transformed to the WT'S strain of Synechococcus.
Complete segregants were selected on plates supplemented
with kanomycin and screened for construction of cytochrome
be and subunit IV mutants, as previously described (/1).

Purification of the Hiss-Tagged Cytochrome bgf Complex
from Synechococcus sp. PCC 7002. Late log-phase Synecho-
coccus in liquid culture (40 L) was collected and resuspended
in 150 mL “grinding buffer” (25 mM HEPES at pH 7.5, 0.2
M sucrose, 0.1% lysozyme, 10 mM CaCl,, and 10 mM
MgCly), containing the protease inhibitors 2 mM benzami-
dine, 2 mM amino-caproic acid, and 0.25 mM PMSF
(“protease cocktail””), and incubated at room temperature for
2 h. The cells were broken by passage (4 times) through a
French press operated at 18 000 PSI. Thylakoid membranes
were collected by centrifugation at 118000g (Beckman, Ti70
rotor, 30 min). Membrane sediments were resuspended in
150 mL of 20 mM Tris-HCI at pH 7.0, with the protease
cocktail, collected by centrifugation at 118000g (25 min),
and sediments were resuspended in 100 mL of TBS buffer
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(10 mM Tricine-NaOH at pH 8.0, 2 M NaBr, and 0.4 M
sucrose) and stirred at 4 °C (20 min). After dilution with an
equal volume of cold distilled water, the suspension was
again subjected to centrifugation at 118000g (20 min). The
sediments were suspended in 150 mL of 20 mM Tris-HCl
at pH 7.0, with protease inhibitors, centrifuged, resuspended
in a total volume of 60 mL in 20 mM Tris-HCI at pH 8.0
and 100 mM NaCl, with the protease cocktail, and then
mixed with the same 60 mL buffer solution supplemented
with 50 mM Hecameg (Anatrace, Maumee, OH) detergent
(17). The suspension was incubated and stirred at 4 °C for
25 min and then centrifuged at 231000g for 45 min. The
supernatant, which contains the extracted b¢f complex from
the membranes, was loaded onto a nickel column (~4 mL
of packed Ni—NTA resin) pre-equilibrated with “wash
buffer” (20 mM Tris-HCI at pH 8.0, 10% glycerol, 0.1 M
NaCl, 0.025% DDM, and 15 ug/ml DOPC, supplemented
with protease inhibitors) at a flow rate of ~0.5 mL/min. The
column was washed with ~200 mL of wash buffer until the
eluant was free of absorbance from contaminating pigments
(chlorophyll and carotenoids). The b¢f complex was eluted
from the column with 10 mL of wash buffer supplemented
with 50 mM histidine instead of imidazole to avoid dena-
turation of c-type cytochrome as occurred in isolation of the
His-tagged cytochrome bc; complex (/8). The eluted bgf
complex was pooled, concentrated with a Centricon, and
stored at —70 °C.

Growth Rate Measurement and Oxygen Evolution. Cells
were cultivated in 1.5 cm diameter tubes containing 20 mL
of medium A supplemented with 50 ug mL~! kanamycin
and 2% CO, at 38 °C, under 200-250 uEinstein m~2 s~!
continuous illumination. The cell density was determined
from the optical density at 730 nm. The oxygen evolution
rate was measured using a Clark-type oxygen electrode at
38 °C, under 2.0-2.5 mEinstein m~2 s~ ! illumination as
described (18). Cells were suspended at 10 g mL~"' Chl a
in 5 mM HEPES-NaOH at pH 7.5, 10 mM NaCl, and 10
mM NaHCOs.

Spectroscopy. Optical chemical difference spectra were
measured using a Cary 4000 UV-Vis spectrophotometer
using a full width at half-maximum (fwhm) of 1 nm, so that
the measured spectral peaks and bandwidths were accurate
to £0.2 nm. Chemical difference spectra that defined
cytochrome content were obtained as described previ-
ously (/9, 20) with ascorbate and dithionite as reductants
and ferricyanide as the oxidant. Ultrafast transient absorption
differences (AA) and time-resolved chlorophyll absorbance
anisotropy following optical excitation were measured using
the femtosecond pump—probe spectrometer described in ref
13. The latter setup enabled the measurement of kinetic
lifetimes in the range of 0.4-700 ps to within ~10%
precision. For the lifetimes longer than 700 ps (time span of
the measurement window), the precision becomes progres-
sively smaller with the upper error margin being substantially
larger than the lower error margin. Both upper and lower
error margins are shown (Table 1).

Flash Kinetic Spectroscopy. Flash-induced oxidation and
re-reduction of cytochrome f/c¢ in intact cells of Synechoc-
occus sp. PCC 7002, resuspended at 5 uM chlorophyll in
50 mM HEPES at pH 7.5, 0.1 M NaCl, 10 mM NaHCOs,
10 uM DCMU, 10 uM FCCP, and 1 mM KCN, was
monitored in the a-band absorbance region (AAsse s40), using
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a laboratory-built single-beam spectrometer with an Xe flash
actinic source, as previously described (16, 19).

Crystallization, Crystallography, and Crystallographic
Analysis. The coordinates of the native bgf complex that
contain the description of the environment of the bound
chlorophyll a are contained in the PDB (code 2E74). The
details of the structure analysis and the data refinement for
the native crystal and two complexes with two different
quinone analogue inhibitors are provided (5), although no
description of the detailed environment of the chlorophyll
was provided in ref 5.
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RESULTS

Perturbation of the Chl a Binding Niche by Site-Directed
Mutations. In the crystal structures of the bef complex, the
porphyrin ring of the Chl a molecule is wedged between
the F and G transmembrane helices of subunit IV in a region
enriched with aromatic residues on both helices. The
coordinates of the 3.0 A crystal structure of the native bgf
complex revealed two connected waters as the axial fifth
ligand of the Chl a, with the first water within hydrogen-
bond distance of the hydroxyl of the Thr140 in subunit IV
(5). Four aromatic residues are in close proximity (within 5
A) of the Chl a porphyrin ring. The side chains of Tyr112
and Trpl125 (residues 105 and 118 in M. laminosus) from
the cytochrome b subunit and Phel33 and Phel35 from
subunit IV in the cyanobacterium Synechococcus sp. PCC
7002 are, respectively, 3.1, 4.4, 3.0, and 4.6 A (edge—edge)
from the porphyrin ring (Figure 1B) according to the structure
of the M. laminosus be¢f complex (3, 5). These aromatic
residues are conserved in cyanobacteria, algae, and higher
plants. To perturb the binding environment of the porphyrin
ring, point mutants of the corresponding residues were
constructed by site-directed mutagenesis in Synechococcus
sp. PCC 7002, in which the core subunits, cyt bs and subunit
IV, are 86 and 73% identical compared to M. laminosus,
and which is genetically transformable. Complete segregants
were obtained for the single-substitution mutants, bg-Y 112F
and be-W125L, and the double-substitution mutant, IV-
F133L/F135L. It was not possible by extensive screening to
isolate a segregant of the mutant bs-Y112L, indicating that
this mutation is lethal to the growth of the Synechococcus
cells.

Purification of the His-Tagged Cytochrome bgsf Complex
from Synechococcus sp. PCC 7002. Cyanobacteria have been
used as a model system for structural and functional
characterization of the cyt be¢f complex in vivo and in
vitro (1, 3, 21-25). An active, dimeric cyanobacterial bef
complex has previously been isolated and characterized from
the thermophilic filamentous cyanobacterium, M. laminosus
(26), which is nontransformable. Cytochrome b¢f complexes
isolated from the two other cyanobacteria, Synechocystis sp.
PCC 6803 and Synechocystis sp. PCC 6714, were shown to
be inactive because of monomerization and/or loss of the
Rieske iron—sulfur protein (27, 28). A similar result has been
obtained with the thermophilic cyanobacterium, Thermosyn-
echococcus elongatus (H. Zhang and W. A. Cramer,
unpublished data). Using a Hise tag at the C terminus of
cytochrome f, the be¢f complex of the transformable
cyanobacterium, Synechococcus sp. PCC 7002, was puri-
fied using a nickel-affinity column. Analysis of the isolated
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072+ 02(n=4)
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“n = number of different preparations assayed. ”n = 1.  The Chl a pocket in this mutant can have multiple conformations, each characterized by a different lifetime, as shown by the respective DAS (Figure

3C) and discussed in Figure 3C and the Discussion.

cyanobacterium

Synechococcus WTHS
Synechococcus IV-F133L/F135L

Synechococcus bg-W125L"
Synechococcus be-Y112F
M. laminosus, crystal

Table 1: Optical Properties and Content of Chl a and » Heme in the bef Complex from Synechococcus and Crystals from M. laminosus
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FIGURE 2: Representative absorbance spectra of the purified His-
tagged bef complex from the control strain WTHS (—) and Chl
mutants, bg-Y112F (- - -), be-W125L (+ - +), and IV-F133L/F135L
(- * -). (A) Absorption spectra of the chlorophyll a normalized to
the same cytochrome f content to show decreased Chl content or
normalized to the same peak height (inset) to show altered optical
properties in Chl domain mutants. (B) Cytochrome difference
spectra (dithionite reduced minus ascorbate reduced) of the bef
complexes.

complex by sucrose-gradient centrifugation and EPR
spectroscopy of the [2Fe—2S] cluster indicated that the
isolated complex in the wild type is significantly (=50%)
monomerized and the integrity of the [2Fe—2S] iron—sulfur
cluster mostly (=90%) lost. However, as judged from
absorbance spectra and SDS—PAGE of the whole complex
and heme strain of the covalently bound heme ¢, on
SDS—PAGE gels (data not shown), the cyt bs, subunit
IV, and cyt f subunits including their prosthetic groups,
hemes by, by, f, and ¢y, Chl @, and f-carotene, remain intact
in the isolated b¢f complex from the Chl a wild-type
strains, WTHS or WTHSK,

Absorbance Spectra of Purified Cytochrome bgsf Complexes
from Chl aMutant Strains. In contrast to the bgf complex
from wild-type strain, the isolated b¢f complex from the be-
Y112F and IV-F133L/F135L strains showed a 20-50%
decrease in amplitude of the Chl a Q, visible absorbance
band (Figure 2A and Table 1). Methanol extraction of Chl
a in the isolated complex showed that the decreased peak
intensity arose from a decrease in Chl a content and not from
changes in the extinction coefficient. The absorbance spec-
trum of Chl a in mutant bg-W125L is similar to that of the
wild type in peak position and half-bandwidth. However, in
comparison to the spectrum of the wild type, the Chl a Q,
band in the bs-Y112F and IV-F133L/F135L mutants is red-
shifted by 2.5 + 0.6 and 2.0 & 1.0 nm and is broadened by
an increase in the half-bandwidth of 3.6 & 0.7 and 10.6 £
1.2 nm to 20.6 and 27.6 nm, respectively (Figure 2A and
Table 1).

Chemical difference spectra (dithionite reduced minus
ascorbate reduced) of the isolated complex showed that 29
+ 3 and 48 £ 9% of the b heme was lost, respectively, in
the be-Y 112F and IV-F133L/F135L mutants (Figure 2B and
Table 1). The absorbance maximum of the residual b heme
is the same, 564 &£ 0.2 nm, in all mutants and the wild type.
The lower content of b heme in these mutants was also
confirmed by spectral measurement of the pyridine hemo-
chromagen derivatives (data not shown). The loss of b heme
was not caused by the presence of histidine in the nickel-
column elution buffer during the purification process because
elution of the Hise-tagged bef complex by EDTA or acid
gave the same result. As judged from SDS—PAGE and heme
strain of the covalently bound heme c,, the loss of b heme
does not result from the loss of the intact cytochrome bg
polypeptide subunit from the membranes or isolated bgf
complex (data not shown). A proper ratio of cytochrome bg
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subunit and cytochrome f in these three mutants is also
supported by the observation that, in vivo, (i) cytochrome f
was fully re-reduced by a light flash at a rate similar to that
of the wild type and most of the mutants and (ii) growth
rates and O, evolution rates were the same in mutants and
the wild type (Table 2). Because the b heme is required for
the catalytic turnover of the be¢f complex, it is inferred that
the complement of » heme remains intact in vivo but a
significant fraction of the » heme was lost during purification.

Kinetics of the Chl a Singlet Excited State in Purified
Cytochrome bgsf Complexes. The kinetics of the singlet
excited state of the Chl a in the wild type and mutant bef
complexes were probed by femtosecond time-resolved
pump—probe spectroscopy. The samples were excited at 660
or 630 nm, and absorbance difference (AA) kinetics were
recorded at a series of probe wavelengths covering the entire
Qy absorption band of Chl a. The time-resolved AA profiles
at all probe wavelengths were globally fit with several decay
components, and the probe wavelength-dependent amplitudes
of these components were assembled into the decay-
associated spectra (DAS) (Figure 3). Time-resolved AA
profiles of Hise-tagged wild-type Synechococcus bgf could
be best-fit with a major decay component having a lifetime
of 203 4 20 ps (Figure 3A and Table 2), a decay profile
that closely resembles the DAS of the ultrapure bef complex
obtained with diffraction-quality crystals from M. laminosus
(13). According to the latter study, the ~200 ps component
corresponds to Chl a ground-state recovery kinetics. The
analysis of AA profiles of the be-Y112F mutant yielded
similar DAS components (Figure 3B), as did that of the be-
W125L mutant (data not shown). In contrast, the ~200 ps
component was absent in the IV-FI133L/FI135L mutant
complex. Four decay components were required to fit the
time-resolved absorbance spectra (Figure 3C), indicating that
the binding of Chl « in this mutant is significantly perturbed
and multiple binding modes are present. The 1.35 ns decay
component, which is of significant amplitude for the IV-
F133L/F135L mutant, has a spectral position similar to the
~200 ps component in the wild type and is tentatively
attributed to the ground-state recovery kinetics of the
specifically bound Chl a.

Time-Resolved Anisotropy of the Chl a in the Purified
Cytochrome bgf Complex. The anisotropy of the AA signal
from the WTHS complex (Figure 4A) and the be-W125L
mutant were determined to be 0.37 £ 0.01. This value is
identical to that obtained from dissolved crystals of the M.
laminosus bef complex (13), and close to the theoretical
maximum of 0.4 for a completely rigid molecule with parallel
absorption and emission transition dipole moments. The
anisotropy was found to be almost constant during the
lifetime of the Chl a excited state, indicating that Chl a
excitation does not lead to detectable reorientation of the
molecule. In contrast, the bg-Y112F and IV-F133L/F135L
mutant complexes (parts B and C of Figure 4) exhibited a
much lower anisotropy (0.11-0.13). The origin of these low
anisotropy values observed on a very short time scale is
discussed below (see the Discussion).

Electron-Transfer Activity of the Cytochrome bsf Mutant
Complexes. The rate-limiting electron-transfer step associated
with the bef complex was measured in intact cells of
Synechococcus sp. PCC 7002 through rates of reduction of
cytochromes f and cs, which have overlapping o-band
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Table 2: Growth and Electron-Transport Parameters of Synechococcus
sp. PCC 7002 Mutants

oxygen evolution half-time for

Synechococcus doubling [umol of O, (mg cytochrome flcg

strain time (h) of Chl a)~! h™!] reduction (ms)
Synechococcus WTHS 6.1 £0.1 298 + 12 10.6 = 0.7
Synechococcus be-W125L nd” nd 26+03
Synechococcus be-Y112F 6.3 £ 0.1 277+ 10 89105
Synechococcus 6.6 £0.3 280+ 6 11.6 £ 1.0

IV-F133L/F135L

“nd = not determined.

spectra, after exposure to a light flash (/6), as well as
comparative rates of growth in culture and oxygen evolution
(Table 2). A short saturating actinic flash triggered oxidation
of PS I and a subsequent rapid oxidation (#1/, = 100-200
us) of cytochromes c¢ and f, which was followed by a
relatively slow reduction (#1/, = 10.6 £ 0.7 ms) of cyto-
chromes f and ¢ in the control wild-type strain, WTHSK
(Table 1). The electron-transfer activity of the bgf complex
in vivo was not significantly affected by perturbations in the
chlorophyll a binding niche in mutants, bs-Y112F (#/, =
8.9 £ 0.5 ms for the reduction of cytochrome f and cs) and
IV-F133L/F135L (#/, = 11.6 & 1.0 ms) (Table 2). In mutant
bs-W125L, the half-time (71/,) for the reduction of cytochrome
flce was 2.6 £ 0.3 ms. This increase of electron-transfer
activity in the mutant be-W125L may be caused by a direct
effect of heme b,, because the mutation site (be-W125) is
only 4.0 A (edge—edge) to the heme. The observation of an
altered electron-transfer rate in the high-potential chain (p
side) by mutations around the Q, site has been reported (25, 29).

DISCUSSION

Quenching Mechanism of the Chl a Singlet Excited State.
The singlet excited-state lifetime of the Chl a in the isolated
cytochrome bqf complex is ~200 ps (12, 13), which is ~25
times shorter than the 5-6 ns lifetime reported for monomeric
Chl a molecules in solution (30). It was proposed that the
quenching of the Chl a singlet excited state was due to the
excitation-induced electron exchange between the Chl a and
nearby aromatic amino acid residue(s) (/2), particularly the
Tyr and Trp residues that can function as an electron
acceptor/donor in a charge-exchange mechanism of fluores-
cence quenching (/3). Four highly conserved aromatic
residues, Tyr112 and Trp125 of cytochrome bs and Phel33
and Phel35 of subunit IV, are within 5 A of the Chl a
porphyrin ring in the Synechococcus bef complex (Figure
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1B). The kinetics of the Chl a singlet excited state in bg-
Y112F and bs-W125L mutant complexes turned out to be
similar to those measured for the wild-type b¢f complex,
implying that neither Tyr112 nor Trp125 of the cytochrome
be subunit is responsible for quenching the Chl a singlet
excited state, contrary to our earlier inference (/3). However,
the dominant ~200 ps component was replaced by a much
slower component (1.35 ns) in the ultrafast singlet excited-
state kinetics of the Chl a in the IV-FI133L/F135L mutant
(Table 1). The Phe residues could, in principle, be responsible
for the quenching mediated by electron transfer if they have
suitable redox potentials. However, these are currently
unknown, and Phe is reportedly a less efficient donor than
Tyr or Trp (31, 32).

Mutations Affecting the Aromatic Residue Environment
around Chl a. Aromatic residues may have a role in
stabilizing the configuration of the porphyrin ring through
m—t electronic interactions in the bgf complex (/3). Except
for a ~20% loss of the Chl a content, the mutation be-W125L
has little effect on the optical properties of the Chl a.
Removal of the hydroxy group of Tyr112 by substitution
with Phe (mutation be-Y112F) caused a 2-3 nm red shift, a
4-5 nm broadening of the Q, absorption band, and a
substantially decreased time-resolved anisotropy (Table 1).
A more significant change in the Chl a binding and optical
properties was shown in the double-substitution mutant, IV-
F133L/F135L. These altered spectroscopic properties of the
Chl a Qy band in the bs-Y112F and IV-F133L/F135L
mutants, together with the decreased stoichiometry of bound
Chl, can be attributed to more weakly bound Chl a.

Low Anisotropy Values. 1t is unlikely that the lower
anisotropy levels observed in bs-Y 112F and IV-F133L/F135L
can be attributed to increased rotational mobility of the Chl
a, because that would require significant motion of the
relatively large Chl molecule on a pico- or sub-picosecond
time scale. Alternatively, the low initial anisotropy level of
the be-Y112F mutant can be explained by a change in the
orientation/polarization of the excited-state transition moment
(33). A different explanation is proposed for the low initial
anisotropy of the IV-F133L/F135L. Together with the
multiple lifetime components, it is most readily explained
by the assumption that these features stem from aggregated
(excitonic) forms of nonspecifically bound Chl, which would
also be consistent with the ~10 nm spectral shift of the
respective DAS (Figure 3C). The initial ~30 ps rise in the
anisotropy in the case of IV-FI33L/F135L (Figure 4C) is
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FIGURE 3: Decay-associated spectra obtained by global analysis of transient time-resolved absorption difference (AA) profiles for the Chl
a in the isolated bef complex from control strain WTHS (A) and Chl a mutant strains, bs-Y112F (B) and IV-F133L/F135L (C). Lifetimes
were determined to within ~10% precision, except the 1.35 ns, for which precision is +2 or —0.4 ns.
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FIGURE 4: Time-resolved anisotropy r(z) of AA signal probed at 680 nm for the WTHS (A), be-Y112F (B) and IV-F133L/F135L (C) bef

complexes. (Inset) Corresponding anisotropic AA; and AA; profiles.

readily reproduced in a model where the AA signals
responsible for the 4.1 £ 0.4 and 27 £ 3 ps components in
the DAS (Figure 3C) are fully depolarized at all times and
the 1.35 ns component has a constant anisotropy similar to
the anisotropy of the 188 4 20 ps component in the
be-Y 112F mutant. In summary, the changes in Chl a lifetime
and anisotropy imply that both the be-Y112F and IV-F133L/
F135L mutations lead to significant perturbation of the
binding niche of Chl a.

Structure of the Chl a Binding Niche. In structures of other
Chl proteins, Chl @ molecules have an axial fifth ligand that
is either an amino acid side chain or one H->O. In the 3.0 A
native bef structure (7), the Chl central Mg is coordinated
by a pair of hydrogen-bonded water molecules, one ligated
to the Mg atoms and the other hydrogen-bonded to the
peptide side chain and backbone of the G helix of subunit
IV. This side of the Chl phorphyrin ring, where the C13%-
(R)-methoxycarbonyl moiety protrudes, is energetically
favorable for ligand binding (34). Although the coordination
state of the Chl may slightly affect its fluorescence lifetime
(35), there is no evidence for a large ligand-induced decrease
of the fluorescence or singlet excited-state lifetime. Accord-
ing to the 3.0 A native structure of the M. laminosus bef
complex (5), the Trp79 and Tyr80 of subunit IV, which is
part of the important PEWY motif (7, 36), are also not far
from the Chl, ~8.5 A from the Trp/Tyr aromatic ring to Chl
ring and 5-6 A to the Chl C13%(R)-methoxycarbonyl group.
Whereas the two residues, Phe133/Phe135, are necessary for
proper binding of the Chl and their mutation results in an
increased lifetime (Table 1), one or both of Trp79/Tyr80
could also contribute to the decrease in lifetime of the Chl
singlet excited state from 5 to 6 ns to 200 ps (12, 13).

Functions of Chl a. Three functions have been proposed
for the Chl a molecule in the bgf complex (37): (i) Facilitation
of electron transfer. The loss of the Chl a in the bef complex
isolated from the mutants arises from either a low occupancy
in vivo or the loss of Chl a during purification of the
complex. In either case, the binding of Chl a in these mutants
is weakened. However, the electron-transfer activity, mea-
sured by the rate-limiting time course of cytochrome f
reduction in intact cells, is not significantly changed in these
mutants (Table 2). This indicates that perturbation of the Chl
a does not inhibit the electron-transfer function of the bef
complex in vivo. This is consistent with the absence in vitro
of an inhibition of electron-transfer activity by photobleach-
ing of Chl a (37). It is not known whether any pigment or
heme is lost in the mutants in vivo. (ii) Regulation of be¢f
assembly. It has been reported that accumulation of be f was

not observed in the Chlamydomonas reinhardtii mutant
AGid, which does not synthesize any Chl (37). (iii) The
unique chlorophyll stabilizes the structure. The role of the
Chl a in the be¢f complex might be considered in the
perspective of Chl acting as a special lipid molecule that is
an internal strut stabilizing the complex (3). There is a major
loss (20-50%) of b heme in the bef complex isolated from
the be-Y112F and IV-F133L/F135L mutants, although the
amount of cytochrome bs polypeptide subunit was not
decreased. Because the b heme is required for the electron
transport through the bef complex and the electron-transfer
activity of these three mutants in vivo was similar to that of
control strain WTHSK it is concluded that » heme was lost
during purification. The removal of b heme appears to be
correlated with the altered binding or loss of Chl a (Table
1), which may result in the destabilization of local or global
structure and consequently a loss of b heme during protein
purification. The distance between the Chl a and heme b, is
only 5.5 A in the M. laminosus structure (3, 5), and a direct
interaction between heme b, and Chl a could be inferrred
from a small (I nm) spectral shift of Chl a (at low
temperature) as b heme was reduced in the b¢f complex of
Synechocystis sp. PCC 6803 (24). Thus, Chl ¢ may be
involved in the stabilization of the structure of the b¢f
complex and the b heme in particular.

SUPPORTING INFORMATION AVAILABLE

Original absorption difference profiles probed at nine
wavelengths ranging from 660 to 700 nm for WTHS (Figure
S1), be-Y112F (Figure S2), and IV-F133L/F135L (Figure
S3) samples; for each sample, the data fit globally with three
to four decay components common to all nine profiles and
varying amplitudes; amplitudes for these components then
assembled into decay-associated spectra (DAS), as shown
in Figure 3; and the original experimental profiles overlapped
with the fits to the data (smooth curves). This material is
available free of charge via the Internet at http://pubs.acs.org.
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