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ABSTRACT A spectroscopic characterization of the chlorophyll a (Chl) molecule in the monomeric cytochrome b6f complex
(Cytbgf) isolated from the cyanobacterium Synechocystis PCC6803 is presented. The fluorescence lifetime and quantum yield
have been determined, and it is shown that Chl in Cytbgf has an excited-state lifetime that is 20 times smaller than that of Chl
in methanol. This shortening of the Chl excited state lifetime is not caused by an increased rate of intersystem crossing. Most
probably it is due to quenching by a nearby amino acid. It is suggested that this quenching is a mechanism for preventing
the formation of Chl triplets, which can lead to the formation of harmful singlet oxygen. Using site-selected fluorescence
spectroscopy, detailed information on vibrational frequencies in both the ground and Q, excited states has been obtained.
The vibrational frequencies indicate that the Chl molecule has one axial ligand bound to its central magnesium and accepts
a hydrogen bond to its 13"-keto carbonyl. The results show that the Chl binds to a well-defined pocket of the protein and
experiences several close contacts with nearby amino acids. From the site-selected fluorescence spectra, it is further
concluded that the electron-phonon coupling is moderately strong. Simulations of both the site-selected fluorescence spectra
and the temperature dependence of absorption and fluorescence spectra are presented. These simulations indicate that the
Huang-Rhys factor characterizing the electron-phonon coupling strength is between 0.6 and 0.9. The width of the Gaussian

inhomogeneous distribution function is 210 = 10 cm™".

INTRODUCTION

In organisms that perform oxygenic photosynthesis, theas a monomer, which usually lacks the Rieske Fe-S-protein
cytochrome b6f complex (Cyth is the redox complex that (Bald et al., 1992; Breyton et al., 1997).

couples the two photosystems. It accepts electrons from A surprising finding was that isolated Cyfbfrom dif-
photosystem Il via plastoquinol and transfers these to phoferent species (spinach (Huang et al., 1994), the unicellular
tosystem | via plastocyanin (or cytochrome c553 in somealgaChlamydomonas reinhardt{Pierre et al., 1995, 1997),
cyanobacteria) (Cramer et al., 1996; Hauska et al., 1996nnd the cyanobacteriurfBynechocystis PCC68(0Bald et

The complex is related in structure and function to theal., 1992)) binds a chlorophyé (Chl &) molecule. For the
cytochrome bcl complex of bacteria and mitochondria, incomplex fromC. reinhardtii it has been convincingly shown
which it is a key redox complex in the respiratory chain that this Chl is an intrinsic component of the complex and not
(Cramer et al., 1996; Xia et al., 1997). In fact, in cyanobac-a contamination (Pierre et al., 1997). The Chl molecule has
teria, Cytlf also functions in respiration (Hauska et al., been characterized by absorption, emission, and resonance
1996). The complex consists of four redox cofactors: aRaman spectroscopy (Pierre et al., 1997). It was shown that
c-type heme, bound by the cytochrome f protein; two b-typethe fluorescence yield (at 77 K) was about four times lower
hemes, bound by the cytochrome b6 protein; and a 2Fe-2than that of Chla in vitro. The resonance Raman spectra
cluster, bound by the Rieske Fe-S-protein (Hauska et alshowed a single population of Chl, hydrogen bonded to the
1996). Apart from the three redox-cofactor-binding pro- protein via the 18keto carbonyl. This indicates that the Chl
teins, an additional larger subunit (subunit 1V) and severaiS bound to a single, specific binding pocket. The ligation
small subunits are part of the complex (Cramer et al., 1996)state of the central Mg could not be determined unambig-
Cythgf can be isolated as a dimer, which is believed to pbeuously (Pierre et al., 1997). Recent experiments indicate that

the active form (Huang et al., 1994; Breyton et al., 1997), othe Chl is bound to the cytochrome b6 protein (Poggese et
al., 1997). Several ideas about the functions of the Chl
molecule in the complex have been put forward, but it was
concluded that the most likely explanation is that the Chl is
Received for publication 20 November 1997 and in final form 8 April 1998.an evolutionary relic (Pierre et al., 1997)_
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sensitized to its singlet excited state (Siefermann-Harmsglucose-tolerant strain @ynechocystis PCC680cking photosystem | (a
1987). Singlet oxygen is a reactive oxidizing agent that jgkind gift of Dr. W. F. J. Vermaas, Arizona State University, Tempe, AR)

toxic to the organism Efficient protection against the harmfulwas photoheterotrophically grown in a 25 liter carboy in the presence of 30
’ mM glucose. The cells were harvested and thylakoid membranes were

effects of singlet oxygen is essential and is mostly realized b)ﬁ,epared as described by @er and co-workers (Rmer et al., 1990). Cyt
carotenoids, which can quench Chl triplet states (Siefermanmst was extracted from the thylakoids by incubation with 1% (w/v)
Harms, 1987). In this respect it is interesting to find out hown-dodecyl,0-maltoside (DM) for 30 min at room temperature. After
the problem of Chl triplet states is dealt with in Cyftb centrifugation (40,000 rpm, 1 h, 4°C, Sorvall T 647.5 rotor), Cyt b6f was

Another interesting aspect of the Chl in Cyftis that it is purified from the supernatant by applying two high-performance liquid
chromatography perfusion chromatography steps. The buffer composition

a relatively simple (with respect to interaction with other of the final complex was 20 mM 2N:morpholino)ethanesulfonic acid
Chl's), naturally occurring model system for Chl in a pro- (ves) (pH 6.5), 10 mM CaGl 10 mM MgCl, 5 mM MgSQ,, 0.5 M

tein environment. In general, the @bsorption band of Chl  mannitol, and 0.03% (w/v) DM. Characterization by sodium dodecyl
in a protein environment is inhomogeneously broadenedstifate-polyacrylamide gel electrophoresis revealed the presence of Cyt f
29 kDa), Cyt b6 (22 kDa), subunit IV (17 kDa), and two or three small

The relatlvely broad, structureless absorptlon band is éubunits (4-6 kDa). Characterization by high-performance liquid chroma-

convolution of the inhomogeneous distribution funCtlontography—gel filtration chromatography (Bald et al., 1992) showed that the
(IDF), which describes the distribution of the absorptionisolated complexes were essentially monomeric. The prepation lacks the
maxima of the individual pigments, and the single-site ab-Rieske protein, which was confirmed by immunoblotting (S. O. Wenk,

sorption spectrum (Personov, 1983; Avarmaa and Reban#npublished results). The complex contains 1.07 Chi per Cyt f. This value

. . . . -.was determined from the ratio of the absorption maxima at 556 nm for
1985). This single-site absorption spectrum can be qun’%yt f (via the ascorbate-reduced minus ferricyanide-oxidized difference

structured and consists qf a sharp line, the zero-phonon' IIn§)ectrum) and at 670 nm for Chl (corrected for baseline effects). Extinction
(ZPL), and a broader wing to the blue, the phonon wingcoefficients of 26 mM* cm™* for Cyt f (Metzger et al., 1997) and 75
(PW). The ZPL is due to a purely electronic transition. ThemM™* cm™* for Chl (Dawson et al., 1986) were assumed.
width of the ZPL is determined by the dephasing and deca For the measurements, the complex was dissolved in a buffer containing
. . . - 0,
times of the excited electronic state (Avarmaa and Rebané0 MM MES-HCI (pH 6.5), 10 mM MgGl 10 mM Cac}, and 0.05% DM.

. . . Il experiments were perfomed on the air-oxidized complex, unless stated
1985').. The PW is dug toa cpmblned electronic and phonORsserently. The redox state of the complex was altered by the addition of
transition. In a protein environment, phonons are due tQerricyanide (2 mM, to oxidize the f and both the b6 hemes), ascorbate (40
collective vibrations of (part of) the protein in which the mM, to reduce the f-heme), and dithionite (100 mM, to also reduce both b6
pigment is embedded. The shape and relative intensity dfemes). Low-temperature experiments were performed in an Utreks helium

. . th cryostat (fluorescence), an Oxford Instruments helium flow (absorp-

the PW are dEtermlneq by the phonon dens'lty of states a ion), or a nitrogen bath cryostat (triplet-minus-singlet absorption differ-
the gtrength of cpupllng between electronic and phonor,ce (1.s) measurements).
transitions (Pullerits et al., 1995). The temperature-depen-
dent population of the phonon energy levels is responsible
for the broadening 'of the absorption band with ir_‘”eas’?dspectroscopic measurements
temperature (Pullerits et al., 1995). In general, a single-site _ _
absorption spectrum also consists of “replicas“ (tO the bmeﬁbsorpnon spectra were recorded on a Cary 219 spectrophotometer, with

. . i a spectral bandwidth of 1 nm. Fluorescence spectra were recorded as
of these ZPLs and PWs due to vibronic transitions. Thedescribed previously (Peterman et al., 1997) with a CCD camera (Chromex

sharp vibronic ZPLs (VZPLs) pres'ent in these spectr.a al€hromcam 1), via a 1/2-m spectrograph (Chromex 5001S). Excitation light
separated from the purely electronic ZPL by the vibrationalwas provided by a tungsten-halogen lamp via a bandpass filter, or a dye
frequency (Personov, 1983; Pullerits et al., 1995). In thdaser (Coherent CR599, dye DCM, spectral bandwidth 1 §mumped by
case of Chl. these vibrational frequencies contain detaile@" Ar" laser (Coherent Inova 310). For the fluorescence measurements, an

. . L L optical density (OD) of 0.1 in the Qmaximum was used, unless stated
information on the exact binding (one or two axial Ilgands', otherwise. The power of the excitation laser was kept below20cn?,

the presence of hydrogen bonds) of th_e Chl to th'e proteiRy minimize the effects of spectral hole burning. For the vibronically
(Lutz and Robert, 1988). The absorption properties menexcited spectra, the power could be increased to 2 m&/Efnorescence
tioned above are also present in fluorescence (when miguantum yields were determined from the ratio of the areas of emission of

rored on an energy scale). We will present high-resolutiorf:ytbﬁf and Chla (Sigma) in methanol (fluorescence yield 22%; Seely and
Connolly, 1986). The areas were corrected for the amount of absorbed

fluorescenge measure.ments and simulations as perform% otons at the excitation wavelength. Laser excitation was in the 660—
before on light-harvesting complex Il (LHCII) (Peterman et ggo-nm range.

al., 1997) and the reaction center of photosystem Il (Peter- Time-resolved fluorescence measurements were performed on a syn-
man et al., in press), both from green plants. These medhroscan streak camera (Hamamatsu M5680). Excitation light pulses
surements and simulations provide detailed information ory"vavelength 670 nm, duration150 fs, power 10:W, repefition rate 250

. b . . kHz) were provided by a combination of a Coherent MIRA 900 Ti:sapphire
eIECtron'phonon and vibronic COUp“ng of Chlin Céﬁb oscillator, a RegA 9000 amplifier, and an OPA 9400 optical parametric

amplifier. The instrument response wa$ ps, the time base 800 ps, and
the spectral range of detection 640—-740 nm. The polarization of detection

was at a magic angle relative to that of excitation. Data were deconvoluted
MATERIALS AND METHODS and analyzed globally, using software (Van Stokkum et al., 1994) kindly
Sample preparation provided by Dr. I. H. M. van Stokkum.
Chl T-S absorption transients were measured as described before (Groot
The purification procedure and the characterization of the &ytom et al., 1995). Excitation light with a wavelength of 590 nm was provided

Synechocystis PCC6804@ll be described in detail elsewhere. In short, a by a dye laser (Quanta Ray PDL2, pulse enerdP mJ, pulse duratiorn 6
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ns) pumped by a Q-switched Nd:YAG laser (Quanta Ray DCR2). Changes T T
in absorption of light provided by a tungsten-halogen lamp were measured ' '
with a silicon photodiode via a 1/4-m monochromator and digitized with a
digital oscilloscope (LeCroy 9310). The time response of the setup was 10
us. For the measurements of carotenoid triplets, a xenon lamp and a
photomultiplier (Hamamatsu R928, time resporsk us) were used.

(N I R
660 670 680 690

Fluorescence

RESULTS AND SIMULATIONS

Absorption spectra 660 700 740 780
Wavelength (nm})

In Fig. 1 the absorption spectrum of Cytlat 4 K is shown.

The most intense transition in the spectrum (at 416 Nm) iI$IGURE 2 Fluorescence emission spectrum of air-oxidized Eyb5

mainly due to the Soret bands of the hemes. The Q peaks ¢ Excitation was at 455 nm, with a bandwidth of 20 nm. The bandwidth

the hemes (in the region of 520-560 nm) are hardly visibleof detection was 1 nm. The inset shows the (:0,0) region as a function
i of temperature. The highest, narrowest spectrum is the one at 5 K, the

as expected for air-oxidized C)é‘b The peaks at 521 nm sowest and broadest at 275 K. In between are 50, 100, 175, and 225 K,

and 493 nm are most _p'robably due to carotenoids (Cars)espectively.

specifically or nonspecifically bound to the complex. Cars

(mainly B-carotene) have also been identified in the Glytb

of C. rheinhardtii (Pierre eF al., 1995, 1997). The Chl in the phycobilisome protein emission is present. The spectrum is
complex shows a Qmaximum at 670.5 nm. In the . 3 yynical Chla emission spectrum, peaking at 678 nm, with
vibronic Q, region, peaks at 629, 619, and 611 nm can be, yjqth of 15.3 nm (FWHM). We note that the nonselective
observed. The shoulder at435 nm is due to the Soret gmission is considerably broader than the absorption and
transition of the Chl. In the inset, the Ch|,@and is shown  ,5; the Stokes shift (peak to peak) is rather large. Because
at several temperatures betweeK and 275 K. At4 Kthe ot yhq relatively large width of the band, hardly any vibronic
spectrum peaks at 670.5, and at 275 K it peaks at 670 N ,ctyre can be distinguished (compare this, for example, to
The width (full width at half-maximum, FWHM) of the o nonselectively excited spectrum of LHCII: Kwa et al.,
spectrum increases from 11.6 ninaK t0 16.2 nm at 275 1994 Also shown (in the inset) are the main peaks of the
K. Broadening of the @ absorption band has been ex- ¢mission spectra at higher temperatures. As the temperature
plained in terms of the temperature-dependent population qf jncreased, the spectrum becomes broader and shifts to the
phonon levels (Pullents et al., 1995). Simulations of th'sblue, and the integrated intensity decreases. At room tem-
phenomenon will be presented below. perature the spectrum peaks at 676.5 nm and has a width of
19.8 nm (FWHM). The temperature dependence of the
Nonselective emission spectra width of the emission spectrum has the same cause as that
) o ) of the width of the absorption spectrum: temperature-depen-
In Fig. 2 the emission spectrum of Cyftat 5 K is shown,  gent population of the phonon levels (Pullerits et al., 1995)
obtained upon broad-band excitation at 455 nm. Because @kee simulations below). The total intensity of the emission,
a small contamination with strongly fluorescent phycobili- \yhich is proportional to the fluorescence quantum yield,
some proteins, we could only obtain “clean” Chl emissiongecreases by a factor of 2, going ik K to room tem-
spectra upon (broad band) excitation below 500 nm. On thgearature. A comparable (45%) decrease in the quantum
blue side of the spectrum of Fig. 2, a small background oEield of Chla fluorescence as the temperature is increased
from 4 K to 270 K hasbeen observed for CP47, a core
antenna complex of photosystem Il (Groot et al., 1995).

Anisotropy of the emission

The Cythyf studied is monomeric. This means that only one
Chl molecule is present per complex, if the Chl is bound
660 670 680 specifically. If it is bound nonspecifically, one would expect
some complexes to bind more than one Chl. Consequently,
[ , ) . . . energy transfer might be possible between the Chl’s, leading
400 500 600 700 to a decrease of the anisotropy of the emission. In Fig. 3
Wavelength (nm) examples of polarized emission spectra of Gyt 5 K,
excited at 666 and 676 nm, are shown. At both wavelengths
spectral bandwidth was 1 nm. The inset shows the GhteQion of the (tO th.e bl.ue and req of the absqrptlon mgxmum) the.emls-
spectrum as a function of temperature. The highest, narrowest spectrum jon 1S highly polarized, the anlsotropy _IS 0.340.03 in
at 4 K, the lowest and broadest is at 275 K. In between are 50, 100, 17490th cases. Furthermore, upon excitation at other wave-
and 225 K, respectively. lengths in the range from 655 to 684 nm, the anisotropy is

Absorption

FIGURE 1 Absorption spectrum of air-oxidized Cyfbat 4 K. The
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b
o

- . . ; 4, a time trace of the data (sum of data from 700 nm to 725
M Y nm) is shown, together with fit and residual. The whole data
T set could be fitted satisfactorily with one decay time: 250
20 ps. This fluorescence lifetime is about a factor of 20 less
than that of Chla in a “normal” protein environment or
par. methanol (5-6 ns; Seely and Connolly, 1986), indicating
that the Chl is specifically bound. No nanosecond compo-
nent was needed to fit the data, which indicates that the
perp. perp. amount of Chl that is specifically bound to the complex is

J larger than 95%.

665 670 675 680 685 Triplet-minus-singlet measurements
Wavelength (nm)

Anisotropy

@
=}

Fluorescence

To further study the fate of the Chl excited states, we
FIGURE 3 Polarized emission spectra of air-oxidized Gyah 5 K with ~ performed T-S measurements at 77 K. These measurements
detection polarized parallel (par.) and perpendicular (perp.) to excitation(not shown) indicate that the yield of Chl triplet formation
The anisotropy is shown in the top panel. Laser e_xcitation was_atléﬂG( upon laser flash excitation is very small. It is difficult to
spectrurh and 676 nm rght spectrun). The bandwidth of detection was determine the triplet yield exactly, but it is at least an order
1 nm. ’

of magnitude smaller than that of Chl in methanol. The

difference spectrum (not shown) is a typical Chl T-S spec-

trum (Hoff, 1986), showing a bleaching of the total absorp-
high (~0.34; not shown). The anisotropy of the emission istjon spectrum (minima at 670 nm and 436 nm) and excited-
close to the theoretical maximum (0.4), which is reached ifstate absorption over the whole spectrum (maximum at 460
absorption and emission transition dipole moments are pagym). Furthermore, no transfer of Chl triplets to carotenoids
allel. This indicates that no energy transfer takes placgy hemes was observed. The lifetime of the Chl triplets is
between the Chl's in Cygh, and strongly suggests thatonly 2 o ms, as normally observed for Chl in solution and in a
one Chl is specifically bound per (monomeric) C§tb  protein environment (Groot et al., 1995; Hoff, 1986). These
Further evidence for specific binding will be given below. yegyits, combined with those of the fluorescence lifetimes,
show that the lifetime of the singlet excited state of Chl in
Cythbgf is strongly quenched compared to that of Chl in
organic solution. This quenching is caused by an increase in
We have determined the fluorescence quantum yield of théne internal conversion rate, or excitation/electron transfer,
Chlin Cythyf (at room temperature) by comparing the areasput not by an increase in the intersystem crossing rate.
of the emission spectrum to that of Chl in methanol. The
fluorescence quantum yield of the Chl in Cyfthis more
than 10 times smaller than that of Chl in methanol. If for theSite-selected fluorescence

latter a value of 22% is assumed (Seely and ConnollyTq optain information on electron-phonon and vibronic
1986), the former can be calculated to be 1.8.4%. This coupling for the Chl in Cyttf, we recorded fluorescence
quantum yield is independent of the redox states of themission spectrataéb K upon excitation with a narrow-
hemes, which were modified by the consecutive addition oy zndwidth laser. In Fig. 5 some typical spectra are shown,

orescence quantum yield increased to the same value as for

Chl in methanol after the addition of Triton X-100 (2% v/v).
At such concentrations, the detergent Triton denaturates the T T
protein and removes the Chl from it (Kwa et al., 1994). It
should be noted that a decrease in the fluorescence yield of
the Chlin dimeric Cytlf from C. rheinhardtiiof a factor of

only 4 (compared to Chl in methanol) has been reported
(Pierre et al., 1997).

Fluorescence quantum yield

Fluorescence

Fluorescence lifetime 0o 2(')0 460 00

We have determined the fluorescence lifetime of Gyt Time (ps)

room temperature, using global analysis of a two-dimen-
. Id tp t (fl 99 int it Y ti d FIGURE 4 Time-resolved fluorescence trace of air-oxidized gy

sional data se ( uorgscence Intensity versus I_me_ an Wav?c')om temperature. Excitation was at 670 nm. Shown is the integrated

length) measured with a streak camera. Excitation was amission from 700 to 725 nnmgisy lind and a monoexponential fit with

670 nm and detection in the range of 640-740 nm. In Figa decay time of 250 ps. The inset shows the residual of the fit.
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T T Chls are also excited in their PWs, which leads to an
--------- simulation apparent larger Stokes shift and broadening of the red wing.
experiment Simulations of the excitation wavelength dependence of the
site-selected fluorescence spectra are shown below.

Y, 667.5nm

.989.2 nm Vibronic fine structure upon (1,0 < 0,0) excitation

Upon narrow-band excitation above 670 nm, narrow lines
can be observed in the emission spectra, to the red of the
pure electronic ZPL. These narrow lines (vibronic ZPLs,
VvZPLs) are due to vibronic (1,8> 0X) transitions without

the involvement of phonons. The vZPLs are separated from
the pure electronic ZPL with the vibrational frequency of
mode x. It should be noted that these vZPLs represent

670.1 nm

Fluorescence

T WL vibrations of electronic ground-state Chl. In FigAGsuch
0 100 200 300 400 500 a line-narrowed emission spectrum is shown. This spectrum
Voo = Vo (6m™) was constructed from 18 spectra excited at different wave-

lengths in the range of 670.9-680.5 nm. The PW of a
FIGURE 5 Site.-selected emission §pectra of air-oxidizt_ad Swb5 K. spectrum excited at 675.4 nm is shown in Fid.6The PW
Shown are experimental (——) and simulated (S = 0.9, width IDF 210 015 ot 25 et to the red of the excitation wavelength.
cm™%; for details see text) spectra upon (laser) excitation at the |nd|cate<P .. . g .
wavelengths. The bandwidth of detection was 0.25 nm. The spectra argompared to the PW of the emission of Chl in the reaction
shown on an energy scale, shifted such that the excitation is at®.cm center of photosystem Il (Peterman et al., in press), the PW

is broad and lacks structure. It is more like the PW we

reported for LHCII (Peterman et al., 1997). In the vibronic
nm (solid lineg. The spectra are shown on a wavenumbermegion over 50 vZPLs can be observed. They are listed,
scale and are shifted such that the excitation wavelengttogether with relative intensities, in Table 1 (in columy).S
corresponds to the origin. In all spectra a sharp peak arounBecause of the lower quality of the spectrum and the fact
0 cm ! can be seen, which is due to considerable contributhat we also needed to add several relatively blue excited
tion of the zero-phonon line (ZPL) and scattering of exci-spectra to the average spectrum of FigB6we did not
tation light. To the red of this ZPL in all spectra, a relatively estimate the Franck-Condon factors from the spectra, as we
broad wing is present. Upon excitation in the extreme reddid for LHCIl (Peterman et al., 1997). The vibrational
when only ZPLs are excited, this wing equals the phonorfrequencies are very similar to those observed with the same
wing (PW) of the single-site spectrum. More to the blue, thetechnique for Chh in vitro (Avarmaa and Rebane, 1985)

FIGURE 6 Line-narrowed emission spectra of
air-oxidized Cythf at 5 K. The spectral bandwidth
of detection was 0.25 nm. The spectra showiin
are excited in the (1,6- 0,0) Q, transition. These
spectra are the smoothed average of 18 spectra
excited from 670.9 to 680.5 nm. Also shown is a
5X magnification of the vibronic region of the
spectrumB shows a magnification of the phonon
wing, and C a magnification of the 1500-1700
cm~* vibronic region. The spectrum of the phonon
wing (B) is measured at different conditions: lower
OD (0.1) and excitation at 675.4 nm (see text). For
the other spectra, a higher OD (0.23 in thg Q
maximum) was used. I emission spectra are
shown that are excited in vibronic €s— 0,0) Q,
transitions at 656.8, 644.8, 634.8, 628.0, 616.8, and
611.3 nm, going from left to right. The fragments
shown of the spectra are due to (190,0) emis-
sion. See text for details.

P . I : . L
0 100 200 300 1500 1600

Fluorescence

\ L L . 1 ] . I L \ e . L \
0 200 400 600 800 1000 1200 1400 1600 1800
Vexe = Vem (Cm_1)
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TABLE 1 Vibrational frequencies of Chla in Cytbgf as obtained from line-narrowed emission spectra recorded at 5 K

S S S S S S
v Rel. v Rel. v Rel. v Rel. v Rel. v Rel.
(cm™) int. (cm™) int. (cm™) int. (cm™) int. (cm™) int. (cm™) int.
~100 w 673 w 1170 S
124 w 687 w 1189 s 1196 w
263 m 262 s 700 w 708 w 1220 m
288 m 283 m 725 w 1229 m 1232 w
318 w 744 S 740 s 1241 m 1245 s
348 m 345 s 750 m 750 m 1264 w 1267 m
371 S 768 w 766 w 1274 m
388 m 388 s 781 m 1289 m
398 m 395 m 797 w 798 m 1303 w
412 w 877 w 1331 s 1328 w
421 w 904 w 901 m 1354 m 1347 s
436 w 919 m 925 m 1378 w 1375 m
472 m 468 S 946 w 1394 w 1400 w
505 w 497 m 985 s 984 s 1418 m
523 m 519 s 1018 w 1002 m 1438 m 1438 w
547 w 535 s 1040 m 1497 w 1490 w
565 w 564 m 1056 m 1066 w 1527 w 1514 S
574 S 570 S 1070 m 1076 m 1540 S 1534 S
606 w 601 s 1093 w 1556 S
623 w 1108 w 1106 s 1579 w
638 w 1119 m 1122 w 1610 w
653 w 1146 S 1133 S 1672 w

The ground-state frequencies are obtained from the{1@x) vibronic transitions in the spectra excited via the (50,0) Q, transition (Fig. 6A). The
error margins of these frequencies ar2 cm *. The excited-state vibrational frequencies are obtained from the-1000) emission peaks in the spectra
excited via the (X <— 0,0) Q, transition (Fig. 6D). The error margins of these frequencies arkecm L. The relative intensities of the vibronic features
are denoted by s (strong), m (medium), and w (weak).

and in other pigment-protein complexes (Peterman et alVibronic structure upon (1,x < 0,0) excitation
1997, and manuscript submitted for publication). Also with

resonance Raman similar frequencies have been observ%i?fi Sx(f)ltsgijgn)bg:?r\?é Ng?ﬁﬂ rér;;gj(lzn;h;r:éttt?gfofl d
(Lqu, 1974)2 Fig. .GCShOWS the 15001700 crh vibronic Iso be observed (Fig. B). This pseudo-line structure in
region. In this region, three bands at 1527, 1556, and 161@7e 660—680-nm region is due to pure electronic ZPLs upon
cm ! are observed that can be assigned to stretch modes Q

. . . . excitation in vZPLs and is shifted with the vibrational
the methine bridges (Fujiwara and Tasumi, 1986a,b). Th‘?requency from the excitation wavelength (Avarmaa and

frequencies of these three modes indicate that only one aXi‘aebane, 1985; Kwa et al., 1994). It should be noted that
ligand is bound to the central Mg of the Chlin CyftbFor .o spectra yield information on vibrations of the Chl in
a central Mg with two axial ligands, the frequencies of these[he Q excited state. In Fig. ® some spectra obtained at
modes would be-10 cm * lower (Fujiwara and Tasumi, typical excitation wavelengths are shown. To our knowl-
1986a,b). The band at 1672 cihcan be assigned to the gqge this is the first time that these kinds of spectra have
stretch of the 13keto carbonyl. The frequency of this mode been reported for Cha in an intact, in vivo protein envi-
indicates that the f3keto carbonyl accepts a hydrogen yonment. This kind of fine structure has not been observed
bond from the protein environment. A frequencye1690  for other Chla binding complexes, most probably because
cm* is expected in the case of an unbound-k8to car-  most pigment-protein complexes contain several Chl mole-
bonyl (Lutz and Robert, 1988). The frequencies at 1610 angy|es that can exchange excitations. Because of this excita-
1672 cm * are close to but not identical to those observediion transfer, site selection is hardly possible (unless upon
with resonance Raman spectroscopy of dimeric ghftbm excitation in the red edge of the (18- 0,0) Q, band;

C. rheinhardtiiat 77 K (at 1606 and 1676 cm) (Pierre et Peterman et al., 1997, and manuscript submitted for publi-
al., 1997). In contrast to our observations, the methingation). Electronic excited-state vibrational frequencies ob-
stretch frequency at 1606 crh observed for the complex tained from pseudo-lines in spectra measured upon excita-
from this algae made an unambiguous assignment of thgon at 14 different wavelengths in the 605—-665-nm range
number of axial ligands based on the Raman spectra imposgie listed in Table 1. Most frequencies are not identical, but
sible in Ref. 6. The difference between these and our resultsre very close to those of the ground-state vibrations. The
might be a result of the different sample preparations offact that ground- and Rexcited-state vibrational frequen-
might be a temperature effect. cies are so similar suggests that the shapes of the potential
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energy surfaces of the two states do not differ substantiallySimulations of the temperature dependence of
Unfortunately, the 15501700 crvibrations could notbe the absorption and emission spectra

observed. An explanation for the absence of these vibration@e have simulated the temperature dependence of both

might be that at the wavelengths at which these are excite ) . . :
(~600 nm), the background of nonselective excitation (for"’1b$0rptl0n (Fig. 1) and nonselectively excited (at 455 nm)
' emission spectra (Fig. 2), using an algorithm based on

example, in the Q) is too large to observe fine structure. ¥ h o E k-Cond lect h i
The excited-state vibrational frequencies of Chl in Gtb inear, harmonic, Franck=t.ondon e/ectron-pnonon couping
nd a temperature-independent IDF. This algorithm has

are very similar to those measured for Chl in organic SOlvenEeen described extensively elsewhere (Pullerits et al
Avarmaa and Rebane, 1985) and detergent solution (Kw . L
( ) g ( 1995). It has been applied before on B820 (the subunit of

etal., 1994) by the same technique. purple bacterial light-harvesting complex I) and LHCII (Pe-
terman et al., 1997). The simulations yield values for the
. . . electron-phonon coupling streng@and the width of the
Simulations of the site-selected IDF. The input for the simulations is the PW obtained from
fluorescence spectra a red-excited site-selected emission spectrum (Fig).6

The dotted spectra in Fig. 5 are simulations of the sitefrom this PW a so-called one-phonon profile of the elec-
selected emission spectra. These simulations have bedionic transition can be calculated (Kukushkin, 1965). This
performed as described before (Peterman et al., in press). ffi€-phonon profile is the spectrum of the one-phonon tran-
short, the PW of the red excited emission spectrum of Fig_sitions coupled to the electronic transition. In optical re-
6 Bis used (Emy()) as a single-site fluorescence spectrumSPonse theory it is known as the real part of the spectral
(Emsdv)). Instead of the experimental ZPL (which is con- density (Mukamel, 1995) and contains information on the
taminated with scatter), a delta functici{#), normalized to ~ €nvironment of the pigment and the vibrational modes of
unit area) is used. As single-site absorption spectrum (Abthe pigment itself. The unkhown parameter here is the
ssd(v)), the mirror image of Erg(v) (with respect to wave- Huang-Rhys factorS By making an initial guess &, the
numbers), is used. The strength of the electron-phonofemperature dependence of the homogeneous spectra can be
coupling, as expressed in the Huang-Rhys fa8ois in- simulated. For a good comparison of the simulated spectra

cluded in these single-site spectra as the relative area of zPYith the experimental ones, inhomogeneous broadening
and PW: also has to be accounted for. This is included by assuming

a temperature-independent Gaussian inhomogeneous distri-
bution function. In optical response theory this corresponds
]'Emed(V) (1) to the imaginary part of the spectral density (Mukamel,
1995). Comparison with experiment is carried out via the
. . second moment of the red (absorption) or blue (emission)
Here we have made the somewnhat arbitrary assumption thgh it of the spectrum. The results are shown in Fig. 7. A good

the PW extends up to 500 crhfrom the ZPL. A Gaussian - gimylation of the temperature dependence of the absorption
is used for the IDF. The parameters of the Gaussian are

chosen such that the experimental absorption spectrum is
optimally simulated. The site-selected emission spectra

es-1
Emd) = o) ¢ {f(’SOOEmed(w v

(Em(v, ve,) excited atv,,. are calculated with 16 ‘ ’ ‘ ' o’L
09
Em(]/, Vext) o §
g 12 o© , -
o = O - y
= Emsdv — ) * AbSgq(Veye — ®) * IDF(w) * dw ' o 5L
o s 8 =~ " Oabs. 8
F Cfluor.
. . . E B — 0.6/210
The best agreement of simulated and experimental site- 2 0.6/200
selected emission spectra is obtained with a valueSfof A R — 0.6/220 |
0.9+ 0.2 and a width of 21& 10 cm * for the IDF, which - — - 0.8/210
peaks at 672.0 nm (Fig. 5). It should be noted that these ] 05210
parameters are chosen such that the (5 K) absorption spec- 0 0 100 200 300
trum is reproduced satisfactorily. With these parameters, the Temperature (K)

(5 K) nonselective (excited at 455 nm) emission spectrum
cannot be simulated reasonab|y_ Both the Stokes shift (Sim:.IGURE 7 Simulations of the temperature dependence of the second
ulation: 3 nm: experiment: 7.5 nm (peak-to-peak)) and thénoments of absorption and emission spectra of air-oxidized L£yfihe

. . L . . . experimental data points are indicated by squares (absorption) and circles
width (SImUIa_tlon' 11.4 nm; experiment: 15.3nm (FWHM)) (emission, excited at 455 nm). Simulations are shown for different values
are underestimated. See below for an explanation of thigs s (0.5, 0.6, and 0.8) and of the width of the IDF (200, 210, and 220

discrepancy. cm™%) as indicated. For details of the simulation procedure, see text.
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spectrum is obtained whesis taken to be 0.6- 0.05, and must be present in a well-defined protein environment.
the width of the IDF to be 21& 10 cm *. A remarkable Using high-resolution fluorescence spectroscopy, we have
observation for LHCII was that up to 200 K, the broadeningidentified over 50 vibrational frequencies in both the ground
of the absorption band could be simulated rather well, buaind the Q excited states. These vibrational frequencies of
that above this temperature the experimental broadeninthe Chl indicate that one axial (protein) ligand binds to its
strongly deviated. It was suggested that this is due to someentral magnesium and confirm that its*4&to carbonyl
sort of phase transition in the protein (Peterman et al.accepts a hydrogen bond (as observed for the compl€x of
1997). For Cythf we do not observe a similar breakdown of rheinhardtii; Pierre el al., 1997). We have simulated both
the simulation, which might suggest that the structure of thighe temperature dependence of the absorption and emission
complex is more rigid at higher temperatures. spectrum and the site-selected fluorescence spectra. From
The temperature dependence of the second moment of thieese simulations we have obtained values for the strength
blue side of the nonselectively excited fluorescence spemf the electron-phonon couplings(= 0.6-0.9) and the
trum (excitation at 455 nm; Fig. 7) cannot be simulated withwidth of the IDF (210+ 10 cm *). From the fluorescence
the same width of the IDF (in contrast to the selectivelyanisotropy we have concluded that only one Chl is specif-
excited fluorescence spectra; see above). However, theally bound per (monomeric) Cygbcomplex. Our results
slope of the broadening suggests roughly the same value fao not provide clues to the function of the Chl, but indicate
S as for absorption. Technically we could get a fit to thesehow the Chl is “tolerated” (see below).
fluorescence broadening data by assuming that the IDF has Some of our spectroscopic observations (fluorescence
broadened to~270 cm * upon excitation in the blue. Ex- vyield, ground-state vibrational frequencies) of the Chl in
citation in the blue might provide access to additional state€ythsf of Synechocystiare different from those measured
in the configurational space of the Chl environment andbefore for the complex ofC. rheinhardtii (Pierre et al.,
might in that way broaden the IDF. Another explanation1997). It is unclear whether this is due to the differences in
could be that after internal conversion from Soret{pfe  measuring methods or is intrinsic to the different prepara-
Chl molecule becomes locally hot. In this respect, we retions. Our monomeric Cyth from Synechocystidoes not
mark that the fluorescence data do not show the typicatontain the Fe-S cluster; the complex isolated fr@n
plateau up to~50 K (compare to the absorption in Fig. 7), rheinhardtii (Pierre et al., 1997) was dimeric, contains the
which supports this idea. Furthermore, it should be notedre-S cluster, and was isolated with a different detergent. We
that the lifetime of the Chl excited state is rather short,note that a small contamination with (highly fluorescing)
possibly too short for total cooling of the Chl environment nonspecifically bound Chl can severely contaminate the
to take place. We could superimpose fluorescence and alsteady-state fluorescence spectra.
sorption data by shifting the former by 150 K toward The only spectroscopic characteristics of Chl in Gitb
higher temperature. This would mean that the excess enerdliat clearly differ from Chl in (organic or detergent) solu-
(~7000 cm ) is distributed among-70 modesK - AT = tion are the short lifetime (25& 20 ps, only 5.0+ 0.4% of
~100 cmi ). This appears to be too small a number for athat of Chl in methanol; Seely and Connolly, 1986), the low
system with so many degrees of freedom as a Chl-proteifiuorescence quantum yield (18 0.4%, only 8= 2% of
complex. In reality, most likely both broadening of the IDF that of Chl in methanol), and the low triplet yield. These
and local heating take place. These phenonena might also besults show that the lifetime of the, @singlet) excited state
the cause of the large Stokes shift of the emission. of Chl in Cythsf is shortened by a factor of20. The
Two different analysis methods have led to the samdluorescence quantum yield suggests somewhat less short-
value of the width of the inhomogeneous distribution,ening of the excited-state lifetime than the fluorescence
210 + 10 cm . The values obtained foB with these lifetime measurements. This can be explained by a small
methods (0.6+ 0.05 and 0.9+ 0.2) are slightly different. contamination of unbound Chl, which raises the quantum
However, given the error margins and the assumptions ofield slightly, but does not influence the 250-ps lifetime
both methods, the values agree reasonably well. observed in the fluorescence lifetime measurements. The
numbers suggest a contribution of unbound Chl of 32
22% to the steady-state emission spectra. However, we did
DISCUSSION npt opserve an excitat'ion wavelength dependence of the
vibronic details of the line-narrowed fluorescence spectra.
We have presented an extensive characterization of th€his could be expected if two different pools of Chl would
absorption and fluorescence properties of the Chl in monoeontribute. The absence of this effect suggests that the
meric Cythyf of Synechocystis PCC680Bhe purified com-  contribution of unbound Chl is small (less thar20%), or
plexes bind essentially one Chl per complex, and we havéhat there is no spectral difference between bound and
shown that both fluorescence yield and lifetime are moreunbound Chl.
than an order of magnitude smaller than those of &£hi The quenching of the singlet excited state supports the
methanol and after the addition of TX-100 to the Gytb idea that the Chl binds to a specific binding pocket of the
sample. These results indicate that our preparation is virtu€ytbsf complex. It is of key importance to the organism to
ally devoid of adventituously bound Chl, and that the Chlkeep the amount of Chl triplet states as low as possible. Chl
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