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ABSTRACT. A permanent hole burning study on the Feniatthews-Olson, or FMO, antenna complex

of the green sulfur bacteriufrosthecochloris aestuarivas carried out at 6 K. Excitation resulted not

only in relatively sharp features resonant with the burn wavelength but also in broad absorbance changes
in the wavelength region of 866820 nm. The shape of the latter changes was almost independent of the
wavelength of excitation. Evidence is given that they are induced by a different mechanism than that
which causes the resonant holes and that they may be due to a conformational change of the protein. The
original spectrum was restored upon warming to 60 K. The effective dephasing Tunas obtained

from the homogeneous line widths, increased from about 0.5 ps at 803 ri20t@s at 830 nm and are

in good agreement with recent measurements of accumulated photon-echo and time-resolved absorbance
changes.

The Fenna-Matthews-Olson (FMO} complex of green of 800-815 nm. For this region, Johnson and Small (
sulfur bacteria, also known as the water-soluble bacterio- reported from hole burning measurements on the FMO
chlorophyll (BChl)a antenna complex, connects the chlo- complex of Prosthecochloris aestuariia wavelength-
rosome, the large antenna structure of these bacteria, to théndependent excited-state lifetim&;) of 100 fs at 4.2 K,
reaction center complex which is embedded in the membrane which they attributed to downward relaxation within Qg
The FMO pigment-protein complex is a trimer, of which  manifold of excited states. For longer wavelengths (824
each monomer contains 7 BChlmolecules. 827 nm) a lifetime longer than 20 ps was reported. The

Since the crystal structure was elucidated in 1975 by Fennalifetimes deduced from APE measurements at the same
and Matthews X), the FMO complex has been studied temperature by Louwe and AartsmB, (7) increased from
extensively by means of various spectroscopic techniquessub-picoseconds at 790 nm up to several hundred picosec-
(2—10), and it has been a subject of theoretical calculations onds at 830 nm. Especially at intermediate wavelengths,
(11-15). The FMO complex may be considered as an the APE results (e.g.T. = 4 ps at 815 nm) deviate
important test case for a theoretical analysis in terms of an considerably from those obtained by hole burning. The time-
exciton model. Until recentlyl(), such an analysis has not  resolved absorbance measurements performed at 10 K by
been very successful. Vulto et al. (L0) also indicate excited-state lifetimes that

There is no full agreement between experimental resultsincrease with the excitation wavelength used: 0.5, 1.7, 5.5,
from different laboratories. Hole burning, time-resolved and 37 ps at 804, 812, 815, and 825 nm, respectively.
absorbance, and accumulated photon-echo (APE) measureSimilar time constants were obtained by Savikhin and Struve
ments all provide information about the excited-state dynam- (8) for isolated FMO complexes froi@hlorobium tepidum
ics of the FMO complex. However, despite the comple- 14 reqolve this apparent contradiction between hole

mentary nature of these techniques, the conclusions base%urning and time-resolved absorbance measurements, we

on hole burning §) on one hand_ and APE(6) and time-. reinvestigated the FMO complex using permanent hole
resolved absorbancé&,(10 studies on the other are quite burning. Upon hole burning, not only relatively narrow,

different, especially with respect to the wavelength region resonant holes were observed, but also spectrally broad

absorbance changes over most of @eabsorption bands
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by Johnson and Small3), who considered the broad
absorbance differences to be correlated resonant and non-
resonant (satellite) holes, while the relatively sharp zero-
phonon holes below 820 nm were considered to be due to
secondary hole burning. With our interpretation we obtain
good agreement between the hole burning data and the results
from APE and transient absorption measuremestd( 10.

MATERIALS AND METHODS

The green sulfur bacteriufd. aestuariiwas grown in a
mixed culture as described by Holt et al.7{. The FMO
protein was isolated as described by Francke and Ani&z (
and dissolved in a 50 mM HCI-Tris buffer at pH 8.3 in the
presence of 200 mM NaCl. Glycerol (66%, v/v) was added
to obtain a clear glass at low temperatures. The sample was
contained in a 1-mm cuvette, with an absorbance at 809 nm
of about 0.6 at room temperature. All measurements were
performed &6 K in a helium-flow cryostat (Utreks-LSO,
Estonia).

Hole burning was achieved by irradiating the sample
during a timet, at a specific wavelength with the output of
a tunable, narrow-bandwidth Nd:YAG-pumped Ti:sapphire
laser (Continuum Ti-60; bandwidti0.1 cnt?; flash dura-
tion, 6 ns), operating at a repetition rate of 10 Hz. Absorp-
tion spectra before and after the hole burning procedure were
obtained by scanning the wavelength of the Ti:sapphire laser
at 0.02-0.15 nm/s. Typical intensities used were 25 mW

—2 i ; Ficure 1: (A) Absorption difference spectrat & K upon
cm* for hole burning and 5 nW cni for probing the nonspecific excitation at 532 nm (a) and specific excitation at 794

spectra, attained by inserting neutral density filters into the (b), 803 (c), 811.5 (d), 820.5 (), 823 (f), 825 (g). and 827.5 nm
beam. The inCident as We” as the transmitted |a5er pU|SE(h)’ Burn ﬂl’Jences: 1600 (e’ g, I:])7 16007 (C), a|"|dl 3000 mMW min
intensities were recorded, from which the absorbance of thecm=2 (b, d, f). The arrows indicate the burn wavelengths. (B)

sample was calculated for each laser pulse and then averagedireburn absorption spectrum (dotted line) and spectrum after

For detection of the laser pulse intensities, we used two PUrning at 794 nm (burn fluence, 3300 mW min cirdashed line).
. . hotod h The solid lines indicate the spectrum after a subsequent burning at
integrating HUV-4000 photodetectors (EG&G), the output g4 nm (burn fluence, 1400 MW min ci adjusted to obtain a

of which was sampled and digitized a few microseconds after zero net absorbance difference over the wi@jeegion) and the
each flash. resulting absorbance difference.

waelengi were measured a5 a incion of e so-caled buriS/C12on. beyond 823 nm, the ampiiuide of the broad
fluencePt/A, with P indicating the average laser pows: changes decreased sharply, and they were not observed upon

the burning time: and. th tional fthe | excitation above 827 nm.
beeamur(g'ggcr%ne’ ane, the cross-sectional area ot the [aser gy the burned holes and the broad absorbance changes

disappeared upon warming. After the temperature of the
RESULTS excited sample had been raised temporarily to 60 K, the
absorbance spectrum recordgdéaK was identical to the
The preburn absorption spectrum of the FMO complex preburn spectrum. This indicates that no irreversible pho-
measured a6 K (Figure 1B, dotted line) was in good tochemistry had occurred, and therefore both features must
agreement with the spectra recorded earlier by Whitten etbe the result of reversible photophysical changes. The
al. (19) and Francke and Ames1g). An overview of the observation that the net absorbance difference is zero over
absorbance difference spectra as observed upon burning athe wholeQ, region supports this conclusion.
various wavelengths is presented in Figure 1A. The spectra The correlation between the contribution of the narrow
clearly demonstrate that optical excitation results not only holes and that of the broad absorbance differences was
in relatively sharp spectral features resonant with the burn investigated further in the following experiment, the results
wavelength but also in broad absorbance changes in theof which are shown in Figure 1B. The sample was burned
region of 806-820 nm, with maxima and minima located excessively at the blue side of ti§g region (at 794 nm),
around 804, 809, and 814 nm. In contrast to the results ofthus creating large changes in the absorbance spectrum
Johnson and SmalB), no significant broad-band absorbance (dashed line). Given the homogeneous line width at 794
differences were observed above 820 nm. The broadnm derived from other experiments, (10, excitation at this
absorbance changes were observed both for excitation at 532vavelength is nonselective; all FMO complexes were excited.
nm, i.e., exciting all BChla molecules, and for narrow-  Afterward, the sample was excited at 814 nm, which resulted
banded excitation in th€y, absorption band of the BClal in a narrow hole at the burn wavelength, having similar
pigment-protein complex. The shape of the broad features characteristics as holes obtained without preburning the
was nearly independent of the excitation wavelength. Upon sample. However, the broad absorbance changes did not
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Ficure 3: Saturation curves of the full width at half-maximum of
the holes I'hole) UpON excitation at 811.54(), 817 @), 820.5 ©),
823 @), 826.5 (), 829 @), and 830 nm4). The lines indicate

819.5 820.0 820.5 821.0 821.5 extrapolations to zero burn fluence.
%0000 5% 9600 Table 1: Hole WidthsI(hee) and Corresponding Effective
Dephasing TimesTg) as a Function of Burn Wavelengthy(m)
< Aburn (M) Thote (M) Thoie (cm™) T2 (ps)
q —_ D
803 2.7 212 0.5
808 1.7 13 0.8
[ 0.02 \ C 8115 0.45 3.4 3.1
L s 817 0.34 2.6 42
820.5 0.24 1.8 6.0
828.50 829.00 829.50 823 0.145 1.07 9.9
826.5 0.080 0.59 >18
Wavelength (nm) 829 0.078 0.5% >19
830 0.076 0.5 >20

Ficure 2: Hole burned spectra & K (circles) and corresponding
Lorentzian fits upon excitation at 808 (A), 820.5 (B), and 829 nm 2 Determined upon burning with 1600 mW min cfn® Upper limit,
(C), after burning with 1600 (A) or 1000 mW min cth(B, C). because of limited spectral resolution.
Full width at half-maximum of the holed () (see arrows): 1.7
(), 0-30 (B), and 0.14 nm (C). or less gradually from 0.07 to 2.7 nm when the burn
increase significantly. Apparently, sharp holes can be wavelength was shifted from 830 to 803 nm (Table 1).
obtained at low burn fluence concomitant with the broad  The aim of this investigation was to compare information
absorbance changes, as well as after saturating these broaabout the excited-state dynamics obtained from hole burning
absorbance changes by excessive burning. This confirmswith that based on other spectroscopic techniques. For hole
that the sharp holes and the broad absorbance changes ataurning, the effective dephasing tinig can be calculated
due to different processes. This is corroborated by the factfrom the homogeneous line widtH'm) using Thom =
that the broad spectral changes were independent of the(nT,)~!(21). The effective dephasing tinte is determined
wavelength of excitation and were observed even when thefrom the excited-state lifetimel;, and the pure dephasing
FMO sample was excited at 532 nm. It should also be notedtime, T>*, via (T2)™* = (2T)) ! + (T2*) L. It is reasonable
that, upon excitation in the 825 nm band, predominantly to assume thatt® K the pure dephasing timg* becomes
sharp holes were observed. Therefore, we conclude that therelatively large, and therefore the calculated effective
broad absorbance changes can be treated as uncorrelatedephasing time is solely determined by the excited-state
background signals, on which the relatively narrow holes lifetime T;. For an inhomogeneously broadened absorption
are superimposed. Consequently, the hole profiles can beband the observed hole widtli'ge) is twice the homoge-
derived from the absorbance difference spectra by subtractingneous line width Z2).
the broad, underlying background signal. For holes burned Table 1 and Figure 4 (solid symbols) show the effective
to the red of 820 nm this subtraction procedure is not dephasing times derived from the observed holes. The
necessary, since at these wavelengths no significant back-dephasing times at 803 and 808 nm are somewhat less
ground signal is observed (Figure 1A). Some typical hole accurate, since the hole widths were determined upon burning
profiles and corresponding Lorentzian fits upon excitation with 1600 mW min cm? and were not extrapolated to zero
at different wavelengths are presented in Figure 2. burn fluence. However, in view of the broad holes produced
To account for broadening effects of the observed holes at these wavelengths, the effect of power and saturation
due to saturation and power broadening, the hole widths werebroadening is probably small. The effective dephasing times
measured as a function of the burn fluence and extrapolatedT, display a gradual decrease upon burning at shorter
to Pty/A =0 (20). The obtained saturation curves are shown wavelengths frone 20 ps at 830 nm to about 0.5 ps at 803
in Figure 3, withI',e being the full width at half-maximum  nm. Above 825 nm, the derived effective dephasing times
of the observed hole and the lines indicating the extrapola- may only be a lower limit, because of the limited spectral
tions to zero burn fluence. The hole widths increased more resolution of our setup.
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Ficure 4: Effective dephasing timek, derived from hole widths
extrapolated to zero burn fluena®)(and from hole widths recorded
uponPt,/A = 1600 mW min cm? (#). The open circles represent
data reported by Johnson and Sma&) based on hole burning
measurements at 4.2 K. Results by Louwe and Aarténg (APE
measurements at 10 K, open triangles) and Vulto el@).(bump-

probe measurements at 10 K, open squares) are also shown. Solid
line: 6 K absorption spectrum.

AA

Apart from the broad background signals and the sharp
resonant holes, relatively sharp nonresonant features also L
could be observed, although their intensity was signiﬁcantly 810 815 820 825 830
smaller. Examples of these nonresonant holes are displayed
in Figure 5. Trace A shows that, upon burning at 820.5 nm, Wavelength (nm)

a nonresonant hole is generated about 5 nm toward lowerg,gyre 5: Absorbance difference spectra upon burning at 820.5
energies. When the burn wavelength is red-shifted by 1.5 (A), 822 (B), 827.5 (C), 811.5 (D), and 820 nm (E). Burn
nm from 820.5 to 822 nm (trace B), the nonresonant hole is fluences: 1000 (A-C) and 3000 mW min cr? (D, E). The solid
shifted by the same amount. These observations indicate®TOWs indicate the burn wavelengths; the dashed arrows, the

nonresonant holes.
that the resonant and nonresonant holes are correlated. Trace

D indicates that hole burning at 811.5 nm also induces a Protein complex through nonradiative decay to the triplet
nonresonant hole around 825 nm. For comparison, trace EState or to the ground state. It is preceded by relaxation of
is also displayed, which shows the nonresonant hole uponthe excned_-state population to the lowest energy level within
burning at 820 nm. We observed correlated nonresonantthe Qy manifold @, 10, but the energy released by the latter
holes only at lower energy than the burn wavelength. In Process is presumably much less significant than that of
particular, excitation at 827.5 nmin the vicinity of the radiationless decay to the triplet and ground states. Since,
nonresonant hole induced upon burning at 822-aid not ~ at 4 K, the latter process always occurs from the s@ye

generate a nonresonant hole at higher energies (trace C). e€nergy level, the effect of nonradiative decay would be
independent of the wavelength of excitation, in agreement

DISCUSSION with our observations. The excess vibrational energy may
be considered as a form of momentary local heating. The

A key point in the interpretation of the hole burning data decrease of the intensity of the background signal when
is the assignment of the broad absorbance differences thakxcitation is to the red of the 825-nm band may be explained
were observed for all excitation wavelengths below 827 nm py taking into consideration that at these wavelengths only
in addition to the sharp features resonant with the burn a relatively small subset of all FMO complexes is excited
wavelength. The shape of these broad absorbance changegs a result of the relatively narrow homogeneous line widths
is nearly independent of the burn wavelength. The sharp in this wavelength region. The fact that the 825-nm band is
holes were observed in all cases, and they display broadeningassociated with a BChha pigment that does not have
effects which are typical for hole burning. Moreover, the significant exciton interactions with the other pigments within
results shown in Figure 1B indicate that sharp holes are g subunit {6) may also make this band less susceptible to
obtained even when the broad absorbance difference signakpectral changes.
is saturated. These observations indicate that the broad The broad absorbance Changes are Surprising|y |arge when
features are due to a different process than the hole burningsaturated. It should be kept in mind, however, that the FMO
mechanism that causes the sharp resonant holes. subunit consists of 7 tightly packed BChlmolecules in a

The broad background signal may be caused by a protein envelope, and a nuclear rearrangement may produce
migration over the energy landscape of the protein to anothera significant change of the spectrum by affecting multiple
local minimum upon excitatior2@), leading to a change in  pigment molecules. In fact, the difference between the
the absorbance spectrum. Such a process may be inducegdreburn and final absorption spectra is of approximately the
by the energy deposited in nuclear motion of the pigment same magnitude as that between the absorption spectra of
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0.4 we compare the relaxation times given in Table 1 with those
measured by other methods. Together with the values from
Table 1, we show in Figure 4 the relaxation times obtained
by APE measurementH); by time-resolved absorbance
experiments10), and from previous hole burning measure-
ments B). Our measured effective dephasing times are in
fair agreement with those obtained from APE and time-
resolved absorbance measurements and display a gradual
increase of the effective dephasing time upon excitation at
longer wavelengths. This increase has been attributed to the
0.8 : — L . L " L increased number of relaxation channels that are available
790 800 810 820 830 after excitation to higher energy levels in tky excited-
state manifold of the FMO compleX(10.

. The interpretation of the large background signals as holes
Ficure 6: Broad absorbance changes observed by Johnson and . .
Small (3) (solid line) and a superposition of the changes observed @d anti-holes, as used by Johnson and Sr8plk¢sults in
in this work and the triplet minus singlet absorbance difference dephasing times of 200 fs from 793.6 to 816.3 nm ard
spectrum of the FMO complexX( 16) upon 532-nm excitation at  ps at 824.4 and 827.1 nm, which, at least for the intermediate
10 K (dashed line). wavelength region, is much faster than observed by all other

the FMO complexes of, for exampl®, aestuariiand C. methods (Figure 4).
tepidum(18). Broad absorption changes upon prolonged Apart from the broad background signal, relatively sharp
excitation have also been observed in other antenna proteinshonresonant holes also were observed (see Figure 5). These
of plants as well as of bacteri24—26), and it is possible features contain information on the energy transfer mecha-
that they have a similar origin as in FMO. nism. The observation of nonresonant holes located to the
The results of the hole burning experiments presented herered side of the burn wavelength confirms the occurrence of
can be directly compared to those obtained by Johnson andexcitation transfer to lower energy levels within tigg
Small B). As a matter of fact, in most respects the results manifold of the FMO complex. However, our data do not
are similar, especially concerning the sharp resonant holesreveal any nonresonant holes at higher energies of the burn
Our measurements confirm the weak electrphonon wavelength, in contrast to the report by Johnson and Small
coupling in this system. There are also significant differ- (3) in which such features were assigned to the energy levels
ences: the broad absorbance change around 825 nm observeaf individual exciton states in th@, band. Although exciton
by Johnson and SmalB) is not reproduced in our measure- interactions in the FMO complex are significaris), we
ments, and we also do not observe the features whichdo not believe that these hole burning data are conclusive,
Johnson and SmalB) attribute to satellite holes. A possible especially in view of the results of recent, much improved
explanation for these differences may be given by consider-simulations of the optical spectra®).
ing the experimental procedures. We obtained the hole |, conclusion, we have presented a new interpretation of
burned spectra by scanning the laser at a much reduced powef,q regyits of hole burning experiments on the FMO complex.
over theQy absorption banq, while Jo.hnson and Smal ( The homogeneous line width is determined by rapid relax-
measured these spectra using a Fo.urler—t'ransforr.n spectromz .o \within theQ, manifold of the FMO complex. The
eter. In the latter case, the light intensity applied 1o the relaxation rates as determined from the homogeneous line
safrpp_le when the slpectrur_n st mez_aslured m?y_hav;\hbeewdth are consistent with those obtained by other methods.
iuislCp;igts?glzct%iq]l:haeteb?oignéé)cs%nrtbtgr?ceet Eﬁgﬁ;é'g%bseerce%% have no indication for correlated nonresonant holes at
igher energies of the burn wavelength. Spectrally broad

by Johnson and SmalBJ consist of a ;uperp05|t|on of the aé)sorbance changes, independent of the excitation wave-
broad absorbance changes observed in our measurements an S . .
length, are indicative of conformational changes in the

the triplet minus singlet (F- S) spectrum4, 16. Indeed, ament_orotein complex
when we perform such a superposition, we can reproduceIO 9 P piex.
the general features of the broad absorbance change
observed by Johnson and Smd) (Figure 6). The 825- ACKNOWLEDGMENT
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