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Abstract

The underlying principles of spectral hole burning spectroscopies and the theory for hole profiles are
reviewed and illustrated with calculated spectra. The methodology by which the dependence of the
overall hole profile on burn wavelength can be used to reveal the contributions from site inhomoge-
neous broadening and various homogeneous broadening contributions to the broad Qg -absorption
bands of cofactors is emphasized. Applications to the primary electron donor states of the reaction
centers of purple bacteria and Photosystems I and II of green plants are discussed. The antenna (light
harvesting) complexes considered include B800-B850 and B875 of Rhodobacter sphaeroides and the
base-plate complex of Prosthecochloris aestuarii with particular attention being given to excitonic
interactions and level structure. The data presented show that spectral hole burning is a generally
applicable low temperature approach for the study of excited state electronic and vibrational (in-

tramolecular, phonon) structures, structural heterogeneity and excited state lifetimes.

1. Introduction

Extensive theoretical and experimental investiga-
tions have been performed on the primary opti-
cal excitation (energy) transfer (Pearlstein 1982,
van Grondelle 1985, Knox 1986, Hunter et al.
1989) and charge separation events ( Kirmaier et
al. 1987, Friesner et al. 1989b, Norris et al. 1990)
of photosynthesis. Each represents a formidable
problem for any protein-pigment complex even
when an X-ray structure is available. For exam-
ple, a definitive explanation of primary charge
separation in bacterial reaction centers (RC) is
wanting even though the structure of the RC of
Rhodopseudomonas viridis has been known for
eight years (Deisenhofer et al. 1984). Also, the
circular dichroism spectra of the base-plate an-
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tenna complex of the green algae Prostheco-
chloris aestuarii have defied interpretation since
its structure was determined in 1979. This com-
plex is an important test case for theory because
of the existence of strong excitonic interactions
between bacteriochlorophylls (BChl) (Mathews
et al. 1979). For these and other systems, time
and conventional frequency domain data have
been invaluable for the testing and development
of theoretical models. These data sometimes ap-
pear to present a paradox. For example, the
linear dichroism spectra of bacterial RC indicate
that, aside from a strong excitonic interaction
within the special pair, the accessory BChl and
BPheo (bacteriopheophytin) molecules behave
like weakly coupled chromophores which is in-
consistent with the finding that the Q-states of
the accessory pigments undergo downward ener-
gy transfer in <100 fs (Breton et al. 1988a, John-
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son et al. 1990). The primary charge separation
kinetics for the RC of Photosystem II (PSII),
including its temperature dependence (Johnson
et al. 1989b, Wasieclewski et al. 1989a, 1989b),
are very similar to those of bacterial RC and yet,
energy transfer from the Q,-states of the acces-
sory chlorophylls (Chl) and active pheophytin
(Pheo) is over two orders of magnitude slower
than in bacterial RC (Tang et al. 1990a, 1990c).
It is important to explain primary charge separa-
tion and energy transfer processes in RC in a
self-consistent manner since they are both linked
to the excited state electronic-vibrational struc-
tures of the coupled chromophore system. Other
factors which need to be considered, especially
since the temperature dependences of transport
processes have been used to provide further
insight into the dynamics, are structural hetero-
geneity (from complex to complex), which leads
to a distribution of values for the relevant energy
gap(s) in the transport process, and the homoge-
neous broadenings of the states involved.

Spectral hole burning spectroscopies have pro-
vided the first information on heterogeneity (site
inhomogeneous band broadening) and homoge-
neous broadening of excited states of photo-
synthetic units due, for example, to linear elec-
tron-phonon coupling (i.e., optical reorganiza-
tion energies have now been measured) and
exciton level structure and inter-exciton level
scattering. Furthermore, spectral hole burning
has been used to test some of the basic assump-
tions of non-adiabatic transport theories and
yielded the kinetics of ultra-fast processes which
would be difficult to obtain in the time domain.

Prior to their application to photosynthetic
complexes, non-photochemical and photochemi-
cal hole burning (NPHB, PHB) and triplet popu-
lation bottleneck hole burning spectroscopies
were applied to chromophores imbedded in or-
ganic glasses and synthetic polymers. The lowest
'7m* states of aromatic molecules and laser dyes
have been most extensively studied. Several re-
view articles (Freidrich et al. 1984, Jankowiak et
al. 1987b, Volker 1989, Narasimhan et al. 1990)
and, very recently, a book (Moerner 1987) have
been written on the principles of solid state
hole-burning spectroscopies and their application
to several problems including the pure dephasing
of optical transitions and dispersive kinetics in
glasses at low temperatures.

Hole burning has led to an improvement in the
resolution of the optical absorption spectra of
Chl and Pheo molecules of protein complexes of
up to 4 orders of magnitude. This results from
the elimination of the contribution from site
inhomogeneity (I')) to the absorption band-
widths. It is now routinely possible to ‘get under
the skin’ of broad (~100-500 cm ') cofactor ab-
sorption bands to determine both I'; and the
homogeneous broadening contribution (I3;) to
the bandwidth. There are several I';-mechanisms
which can be important for the dynamics of the
primary events. Hole burning can also be used to
resolve closely spaced electronic states in com-
plexes and to generate a high level of detail on
excited state intramolecular vibrational frequen-
cies and Franck—Condon factors.

The organization of this article is as follows:
First, the principles of hole burning spectros-
copies are discussed with particular attention
being paid to the nature of the low temperature
absorption spectrum of a single chromophore in
a matrix and how this spectrum, together with
intrinsic disorder, leads to the observed absorp-
tion spectrum. Also discussed is a theory for
spectral hole profiles which depend on the loca-
tion of the burn frequency within the absorption
band. This section is followed by two which deal
with recent applications of hole burning to the
primary electron donor state (P*) of RC and
light harvesting complexes (LHC). Since a re-
view, based on work published up to the middle
of 1989, has just appeared (Johnson et al.
1991b), no attempt is made here to review
holeburning studies reported prior to that time
except when they are relevant to the new results
discussed. We present some unpublished data on
the fully deuterated RC of wild type Rhodo-
bacter sphaeroides (Rb. sphaeroides) and on the
CP47-D1-D2 complex of PSII. In so doing we
ask a number of questions, two of which are
whether deuteration has any effect on the under-
lying structure of P870 (absorption band of
ground state P or special pair) and the lifetime of
P* and whether the underlying structures of P870
(or P960 of Rhodopseudomonas viridis, Rps. vir-
idis) differ from P680 (the primary ground state
absorption of PSII) and what the hole burned
spectra say about P680 being due to a special
pair. Hole burning is the only existing technique
for measuring the lifetime of P* for a well-



defined phononic-vibronic level, the total zero-
point level. A not unimportant question is
whether or not the time and frequency domain
experiments yield the same lifetime for P* since
it speaks to the question of whether thermaliza-
tion of low frequency intermolecular modes pre-
cedes primary charge separation (non-adiabatic
electron-transfer theories, as practiced, assume
that it does). There is also the question of
whether P* undergoes ultra-fast (<100 fs (Won
et al. 1988a, 1988b, 1987, Friesner et al. 1989a))
electronic relaxation prior to formation of the
primary charge-separated state of the RC (e.g.,
P"BPheo™ of bacterial RC). The section on RC
is followed by one that discusses the temperature
dependence of energy transfer in the antenna
complex of Rb. sphaeroides and describes a
novel approach for the determination of the
‘exciton bandwidth’ of chromophore aggregates.
Finally, data are presented which speak to ex-
citonic interactions and inter-exciton level scat-
tering in the base-plate antenna complex of P.
aestuarii.

For the convenience of the reader a glossary of
the less familiar terms used in the text is included
as an appendix.

II. Principles and theory of solid state spectral
hole burning

In condensed phase systems there are several
mechanisms by which optical transitions and
spectra are broadened. All can be categorized,
however, as homogeneous or inhomogeneous.
Often the two are defined and contrasted in
terms of a single well defined transition.
Homogeneous broadening is that which is the
same for each and every chemically identical
molecule in the ensemble. In the gas phase one
could consider, for example, absorption from the
rotationless and vibrationless (zero-point level)
of the ground electronic state to a particular
rotational-vibrational level of an electronically
excited state. At sufficiently low pressure this
rovibronic transition would be homogeneously
broadened due to the finite lifetime (7,) of the
excited state with a full width half-maximum
(i.e., FWHM (cm ') = (27rcr,) ™) where c is the
speed of light. For 7 =5ns, FWHM=
0.001cm™'. At room temperature this lifetime
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broadening is negligible compared to the Dop-
pler broadening, which is a manifestation of the
distribution of molecular velocities which leads
to a Gaussian distribution of transition fre-
quencies. This ‘heterogeneity’ in frequencies is
an example of inhomogeneous line broadening.

The solid state analog of rotational structure is
phonon (lattice-vibrational) sideband structure;
it is a manifestation of the change in the lattice
equilibrium structure which accompanies the
electronic excitation. The analog of Doppler
broadening is site inhomogeneous broadening,
which is the result of an analyte or probe mole-
cule in a solid host adopting energetically inequi-
valent sites. This leads to a Gaussian distribution
of frequencies for any given vibronic transition.
For amorphous hosts, such as glasses and poly-
mers, the inhomogeneous broadening, I, is
100-300 cm ™",

A. Principles

Figure 1 depicts an inhomogeneously broadened
origin or vibronic absorption band at low tem-
perature. The sharp dashed bands are the zero-
phonon lines (ZPL) of the ‘guest’ molecule oc-
cupying inequivalent sites. A zero-phonon transi-
tion is one for which no net change in the
number of phonons accompanies the electronic
transition. Building to higher energy on each
ZPL. is a broad phonon (lattice vibrational) wing
or phonon sideband (PSB). Each single site ZPL
carries a homogeneous linewidth, y, which is
determined by the total dephasing time 7, of the
optical transition:

1
— et M

T, 21, 75

where 7, is the excited state lifetime and 75 is the
pure dephasing time. The latter is best under-
stood in terms of the density matrix formulation
of spectroscopic transitions (Sargeant et al. 1974,
Levenson et al. 1982). For our purposes it suf-
fices to say that 7, is due to the modulation of
the single site transition frequency which results
from the interaction of the excited state with the
bath phonons (and other low energy excitations
in glasses (Hayes et al. 1987)). This interaction
does not lecad to electronic relaxation of the
excited state but rather to a decay of the phase
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Fig. 1. Schematic representation of homogeneous (y) and inhomogeneous (I') broadening. Profiles of the zero-phonon lines
(ZPL) and their associated side bands (PSB) for specific sites at different frequencies have been enlarged compared to the

inhomogeneous line to provide more detail.

coherence of the superposition state initially
created by the photon (Levenson et al. 1988). In
units of cm ™, y = (wr,c)”' where c is the speed
of light in cms .

v determines the ultimate spectral resolution
attainable by line narrowing techniques. A key
point is that 75 is strongly temperature depen-
dent. Pure dephasing theories are now well de-
veloped (Huber et al. 1984, Lyo 1986, Hayes et
al. 1987) and photon echo (Narasimhan et al.
1990) and spectral hole burning (Walsh et al.
1986, Haarer 1987, Hayes et al. 1987, Jankowiak
et al. 1987b, Walsh et al. 1987b, Berg et al. 1988,
Volker 1989 ) have been used to study the tem-
perature dependence of 7, in a wide variety of
glassy systems. At room temperature, vy from 7,
is ~kT, i.e., =200 cm ', which is comparable to
I, for glasses. Line narrowing spectroscopies
cannot eliminate y, which means that low tem-
peratures are required to minimize the number
of thermally populated low frequency phonon
and other excitations responsible for y. For glass
hosts it is now firmly established that y from
pure dephasing and/or spectral diffusion is
<0.lcm ' at 4.2K, which is negligible relative
to y=5cm ' from 7, =1ps. Spectral diffusion
describes the broadening of the absorption line
due to fluctuations in glass host on a time scale
longer than the excited state lifetime.

Three types of hole burning spectroscopy have
been applied to protein-pigment complexes: non-

photochemical (NPHB), photochemical (PHB)
and triplet population bottleneck. With an un-
derstanding of site inhomogeneous broadening
and isochromat selection by a narrow line laser,
PHB follows in a natural way. What is required
is that the absorbing chromophore be photoreac-
tive. Only the ZPL of sites contributing to ab-
sorption at w, will be excited. As a consequence,
isochromat selective photobleaching occurs and a
zero-phonon hole (ZPH) will appear at o, , see
the ZPH at o, in the A-absorbance spectrum of
Fig. 2A. Provided the photochemistry is irrevers-
ible, photochemical holes are persistent provided
the sample is held at a low temperature. Photo-
reactivity is not required in NPHB. However,
NPHB is generally observed only for glassy
hosts. A mechanistic model for persistent NPHB
was first proposed in 1978 (Hayes et al. 1978)
and recently has been improved upon (Shu et al.
1990). Both, however, are based on the inherent
structural disorder of a glass and phonon-assisted
tunneling between different impurity-glass con-
figurations. In simplest terms: upon completion
of the ground state — excited state — ground
state cycle, the host configuration around the
impurity is altered, more or less permanently;
the change in environment produces a shift of
the ZPL frequency at w; to other regions of the
inhomogeneously broadened absorption profile.
This leads to increased absorption at frequencies
other than ; (antihole).
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Fig. 2. Schematic of hole burning (selective photobleaching) into origin band (A) and into vibronic region (B).

In the absorbance spectrum of Fig. 2A the
burn frequency excites an isochromat in the
(0,0) or origin band. However, the sites that
contribute to the origin isochromat also contrib-
ute to the (1,,0) and (1,,0) vibronic bands.
Thus, a ZPH burnt at o, can be accompanied by
higher energy vibronic satellite holes. Because
the ZPL is accompanied by a PSB, the ZPH is
accompanied by phonon sideband holes (PSBH).
The PSBH to higher energy of the ZPH is
readily understood and is referred to as the
real-PSBH. The pseudo-PSBH is due to sites
whose ZPL frequencies lie to lower energy of o,
and which absorb the laser light by virtue of the

PSB. The phonons excited rapidly relax to the
zero-point level after which hole burning ensues.
A recent example of persistent ZPH and PSBH
structure for the isolated reaction center complex
of PSII at 4.2K is shown in Fig. 3B. The hole
structure is due to the Q-state of the Pheo a
molecule active in primary charge separation
(Tang et al. 1990a, Tang et al. 1990c).

In the same manner that the pseudo-PSBH
can be produced, pseudo-vibronic hole structure
can be generated. In Fig. 2B the burn frequency
(w, ) excites isochromats belonging to vibrations
« and 3. Since the time constant for hole burning
is long relative to the vibrational relaxation time,
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Fig. 3. (A) Vibronic satellite hole burned spectrum (solid line) of PS II reaction center. Several of the satellite holes (e.g., 738,
984 and 1134) are labeled with their excited state vibrational frequencies in em ™!, T, = 4.2K, A, = 632 nm (unpublished data).
Dashed line represents the 4.2 K absorption spectrum of PS II RC with ~0.05% Triton X-100 detergent. (B) Dashed spectrum
corresponds to the absorption spectrum of PSII RC without Triton X-100. Solid line shows an example of non-photochemical
hole burned spectrum of PSII RC burned in (0, 0) band at A, = 682.5 nm. The % AA change for the sharp zero-phonon hole is
~20%. Hole burning conditions: I; =200 mw/cm,, 7, =20 min; T =4.2K.

the isochromats relax to their respective zero-
point positions in the (0,0) band prior to hole
burning. Two ZPH (at (0,0), and (0,0)y) are
produced, which, in turn, lead to a hole at o, .
The relative intensitics of the former two and the

latter depend, in part, on the Franck—Condon
factors for vibrations a and B. A recent example
(NPHB) is shown for the isolated PS II reaction
center in Fig. 3A. Because the burn wavelength,
Ag, lics =1000cm ' to higher energy of the



absorption origin region, the pseudo-vibronic
hole structure is associated with vibrations pos-
sessing frequencies in the vicinity of 1000 cm .
The displacements of the vibronic ‘satellite’ holés
from the burn frequency yield the excited state
vibrational frequencies. The structure shown is
due mainly to the accessory Chl a of the PSII

reaction center (Tang et al. 1990c).
B. Theory of spectral hole profiles

The problem of understanding the interplay be-
tween the ZPH and PSBH and how the overall
hole profile depends on the location of wy (laser
burn frequency) within an absorption band
whose width is contributed to by site
inhomogeneity has been considered in consider-
able detail (Hayes et al. 1986, Won et al. 1987,
Hayes et al. 1989, Lee et al. 1989). A summary
of the theory developed in our laboratory is
presented here.

To a good approximation the single site one-
phonon absorption profile of impurity electronic
transitions in amorphous hosts can often be
viewed as a single broad profile which is dis-
placed from the ZPL by w, (~20-30cm').
With » defined as the frequency of the ZPL, the
single site absorption profile is of the form

LQ-v)=¢""1,(Q—v)

+Ese'

r=1 r.

s

LQ-v—-rw,) (2)

in the low temperature limit. The [, are line
shape functions for zero- and multi-phonon ab-
sorptions. ) is the frequency variable at which
the function is evaluated. § is the Huang—Rhys
factor which provides an estimate of the most
intense member in the multi-phonon progression
and 2Sw,, is a reasonably accurate estimate of
the Stokes shift. The Huang—Rhys factor charac-
terizes the electron-phonon coupling. The coef-
ficients of the line shape functions are the
Franck—Condon factors. For coupling to the dis-
tribution of host phonons (lattice modes), the
r-phonon profile is the result of convolving the
one-phonon profile with itself r times. If the
one-phonon profile is a Gaussian of width I, the
r-phonon profile has a width r'’T; for a Loren-
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tzian one-phonon profile, the r-phonon width is
rT'; in each case the r-phonon absorption is
centered at rw,,. The one-phonon profile is the
convolution of the phonon density of states and a
frequency dependent electron-phonon coupling
function and is generally not symmetric. A
reasonable approach is to describe the asymmet-
ric profile with a Gaussian and a Lorentzian for
the low and high energy halves of the profile,
respectively. This was done for all simulated
spectra presented in this article.

Figure 4A presents a single site absorption
spectrum calculated with Eq. (2) for $=1.8,
w, =30cm ", T=43cm " and y =6 cm™', which
is the homogeneous broadening of the ZPL due
to an excited state lifetime of 0.9 ps. The cen-
troid of the PSB is, as expected, displaced to
higher energy of the ZPL by ~Sw,,. The ratio of
the integrated intensity of the ZPL to that of the
entire absorption spectrum is exp(—S), which is
a consequence of the fact that the sum over all
the Franck-Condon factors in Eq. (4). equals
unity.

The absorption spectrum is the convolution of
Eq. (2) with an appropriate zero-phonon site
excitation distribution function (SDF):

L 8ed Ny(v—v,
A ) = 2 r! fd” O(N :

r=0

x1(Q2-v-rw,) (3)

where Ny(v — v, )/N is the probability of a site
with a zero-phonon transition frequency equal to
v. A Gaussian centered at v, with a FWHM
equal to I'; is the physically reasonable choice for
N,.

Figure 4B shows the absorption spectrum cal-
culated with Eq. (3) for I, =130 cm”' and the
same values for the other parameters used for
Fig. 4A. The fact that the calculated spectrum is
not a symmetric Gaussian is due to the inclusion
of the linear electron-phonon coupling.

Following a burn at wy with intensity I for a
time 7, the number of sites remaining which
absorb at frequency v is given by N (v — v,,) =
Ny(v — v,)exp[—olé¢TL(wy — v)], where o is
the absorption cross section and ¢ is the hole
burning quantum yield. The burn laser frequency
width is assumed to be narrow relative to the
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Fig. 4. (A) Single site absorption profile calculated according to Eq. (2) with w, =30cm ™', y=6cm™ §=1.8, T=3cm™".

ZPL = Zero phonon line. (B) Absorption profile calculated according to Eq. (3) using parameters of A and [, =130cm™",

homogeneous linewidth of the ZPL. The absorp-
tion spectrum after burning is thus

A,(Q)ﬁ) f deN(V v,)

e—aId)TL(mB-—V) lr(Q —y— rwm)

X 4
Equation (4) does not allow for dispersive hole
growth kinetics (i.e., ¢ = ¢(7) from a distribu-
tion of values for the hole burning rate constant)
which is known to be important for NPHB (Jan-
kowiak et al. 1987a, Kenney et al. 1990). How-
ever, in the short burn time limit (exp[—
ol¢pmL(wy — v)]=1— oléTL(wg — v)) contribu-
tions due to dispersive kinetics may be neglect-
ed. Nor does Eq. (4) account for the anti-hole
associated with NPHB (Lee et al. 1989), i.e., it
is strictly applicable only to PHB and population
bottle-neck hole burning. However, it is often
the case that the anti-hole of NPHB can clearly
be discerned in the experimental spectra (Gillie
et al. 1989b, Lee et al. 1989) and its interference
with the hole profile accounted for.

Model calculations performed with Eq. (4) are
shown in Fig. 5 (for the parameter values used
for Fig. 4) for wy = v,, (center of the SDF dis-
tribution), w, =, +200cm ' and w, =, —

m
100 cm ' (constant fluence). As wy is tuned from

1

lower to higher energy, two characteristics are
evident. Firstly, the spectrum becomes much less
structured. In fact the highest energy burn close-
ly resembles the absorption spectrum while the
lowest energy spectrum resembiles the single site
absorption spectrum. This is because as the burn
frequency increases the probability of exciting
multiphonon transitions increases. Secondly, the
centroid of the hole shifts with burn frequency.
This shift is approximately 150 cm ™ 'and is direct-
ly related to the ratio of I'; to I} (Hayes et al.
1988). As this ratio increases, it is observed that
the shifting becomes less pronounced.

The extension of the theory to include more
than one type of low frequency intermolecular
mode is quite straightforward (Johnson et al.
1991b). We present here only simulated spectra
for the case where both the protein phonons and
a localized intermolecular mode couple linearly
to the electronic transition. The frequency and
Huang—Rhys factor of the latter are designated
as ., and S, so that the total optical reorganiza-
tion energy is ~Sw, + S . For the calcula-
tions we consider a system for which §,, =1.5,
o, =125cm ', with the values of I} and the
linear electron-phonon coupling parameters as
given earlier. The single site absorption spectrum
is shown in Fig. 6A (see Table 1 for details
concerning the lifetimes employed for the 1- and
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Fig. 5. Three constant fluence hole burned spectra calculated from Eqs. (4)-(3) with parameters of Fig. 4. Holes burned at (from
left to right) =100 cm ™", 0 em ™, 200 cm ™’ relative to the site distribution function maximum, v,,. Inset refers to relative depths of
the holes (i.e., the —100 cm ™" burn is nine times less intense than the 0cm ™' burn).
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Fig. 6. (A) Single site absorption profile including coupling to the marker mode. Parameters as in Fig. 4A with S, =1.5 and
o, =125 cm”t w:p locates the position of the first overtone of the marker mode displaced 125 cm™' from ZPL. (B) Absorption

profile calculated as in Fig. 4B.

higher quantum levels of the w ,-mode). The
calculated absorption spectrum is given in Fig.
6B. Figure 7 shows three hole burned spectra for
wg =v,, v, +200 and v,, — 100. Comparison of
these holes to those in Fig. 5 reveals that the

shifting of the centroid of the holes in Fig. 7
(~70cm™') has decreased. This is because the
homogeneous broadening has increased, chang-
ing the I';; to I ratio (about 4.5 times greater
than in the single mode case).
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Table 1.

w,’ , S S r | 38w,
P960* 135 25 1.1 2.1 40 120 200
P870 (R-26)° 115' 30 1.5 22 30 170 240
P870 (deut.)* 125 30 1.5 1.8 43 130 242
P700° 35-50 6-4 60 100 200
P680* . 26 - 1.9 25 120 50

* All frequencies and widths are cm™". ®

Total width of 1-phonon profile which is taken as a Gaussian and Lorentzian for the low

and high energy halves. For P870 (deut.) the Gaussian and Lorenizian half-widths are 15 and 25cm™, respectively. ¢ The
narrowest P960, P870 (R-26) and P870 (deut., wild-type) bands measured in our laboratory carry FWHM of 420, 470 and
380 cm . ¢ From Johnson et al. (1990). © Deut. = fully deuterated. From Lyle et al. (1991). ' From Gillie et al. (1989). The P700
hole profile is devoid of any structure and, thus, a single mean phonon frequency was used for simulations, see text. * From
Jankowiak et al. (1989). " The special pair marker mode (w,,) is totally absent in the P680 hole spectrum. " Allowance for 100 fs
relaxation of w;, is made in the simulations; the wip( j>1) levels are allowed to decay in 100/j fs (Fermi-Golden rule prediction

with cubic anharmonicity).

DELTA ABSORBANCE

—200 0

200 400 600

ENERGY (cm'l)

Fig. 7. Three constant fluence hole burned spectra calculated with the parameters of Fig. 5.

C. Experimental

Absorption and hole burned spectra presented in
this article were obtained using a Bruker 1FS 120
HR Fourier-transform infrared (visible) spec-
trometer which has a resolution power of 10°.
Optical densities of the samples were adjusted to
<0.8 (at the maximum of the absorption band of
interest) by dilution in a buffered glycerol/H,O
glass-forming solvent. These samples were quick-
ly cooled to 4.2 K in a Janis Model 8-DT Super
Vari-Temp liquid helium cryostat. Any of the
several laser systems (Coherent CR699-21 ring
dye laser or Coherent CR899 cw Ti:Sapphire

laser or a pulsed Ti:Sapphire (Excel Technolo-
gy) or a Lambda Physik FL2000 excimer dye
laser) available in the laboratory provided the
burn radiation.

III. Applications

A. Reaction center complexes of purple bacteria
(i) Absorption and hole spectra

The structures of the reaction center (RC) of

Rps. viridis (Deisenhofer et al. 1984, 1985, Mich-
el et al. 1986a, 1986b) and Rb. sphaeroides
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(Allen et al. 1986, Chang et al. 1986, Yeates et
al. 1988) have led to even greater activity dir-
ected towards understanding the primary charge
separation process that is triggered by excitation
of the primary electron donor states P960* and
P870*, respectively. The structural arrangement
of the cofactors for Rb. sphaeroides R-26 is given
in Fig. 8 while the 4.2 K absorption spectrum of
the Q-region of the perdeutero-RC of Rb.
sphaeroides (wild type) is shown in Fig. 9. P870 is
peaked at 896 nm, with the bands from the two
BChl g and two BPheo ¢ monomers located at
802 and 756 nm, respectively. It is generally ac-
cepted that the lowest energy dimer component
of the special pair (P) contributes very signifi-
cantly to P870. Low temperature linear dichro-
ism studies (Vermeglio et al. 1982) have led to

an assignment for the low energy shoulder of the \ € /

BChl a monomer band as the upper dimer com-

ponent (P, ). The same assignment was made for Fig. 8. Structural arrangement of the cofactors of Rb.
the better resolved low energy shoulder of the sphaeroides. The special pair of BChl a monomers overlap-
BChl b monomer band of Rps. viridis. Our ping at ring I is shown at the top.
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Fig. 9. Experimental absorption spectra of the Q, region of the deuterated wild type Rb. sphaeroides at T = 4.2 K. Inset: Second
derivative of the P870 spectral region.
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polarized photochemical hole burned spectra for
both RC, obtained with the probe polarization at
0, 30, 60 and 90° relative to the polarization of
the burn laser, confirmed that the low energy
shoulder carries a polarization which is close to
perpendicular to that of the primary donor state
(P) (unpublished results of S. Johnson and D.
Tang). Additional support for the above assign-
ment can be found in the dependence of the
Q,-hole spectra on Ay, burn wavelength, as it is
tuned through P870 (P960) (Tang et al. 1990b).
As will be illustrated below, the center of gravity
of the broad P870 hole shifts to the blue as the
burn frequency is increased from the low energy
side of P870 (an effect first observed by Boxer
and coworkers (Boxer et al. 1986a)). Tang et al.
(1990b) showed that the satellite hole associated
with the aforementioned low energy shoulder
tracks the P870 hole, meaning that the site dis-
tribution functions of the low energy shoulder
state and P870 are positively correlated. This
type of correlation is expected for dimer states.

Figure 9 shows that the primary donor state
absorption band is significantly broader than
those of the ‘monomer’ cofactors. This is even
more apparent for Rps. viridis for which the two
BPheo b bands are resolved (Tang et al. 1990b).
Identification of the origin of the additional
width was recognized as important in the first
photochemical hole burning studies of P870
(Meech et al. 1985, Boxer 1986a) and P960
(Boxer 1986b) based on the production of meta-
stable P* Q™. In these works, broad and struc-
tureless holes were observed with widths ap-
proaching those of the absorption bands. Two
theoretical models appeared shortly thereafter,
one which attributed the structureless broad hole
to an ultra-fast electronic relaxation (<100 fs) of
P* prior to formation of P*BPheo™ (Won et al.
1988a, 1988b) and the other which attributed the
large homogeneous broadening of P870 (P960)
to strong linear electron-phonon coupling (Hayes
et al. 1986, 1988). An important distinction be-
tween the two models is that the former pre-
dicted that a narrow ZPH coincident with wg
should not be observed while the latter predicted
that it could be. Subsequent studies of high
quality samples revealed the existence of a weak
ZPH and, in addition, structure associated with a
Franck—Condon progression of a special pair
intermolecular (‘marker’) mode (w,,) (Johnson

et al. 1989c, Tang et al. 1989). For P870 and
P960 of Rb. sphaeroides and Rps. viridis, the
w,-values were found to be 115 and 135 cm™ ),
respectively.

In Fig. 9 the origin band (wgp) of the marker
mode corresponds to the low energy shoulder of
P870 with the 1-quantum transition, w,, located
near the maximum of P870 (see insert spectrum).
Figure 10 shows two of our recently obtained
hole spectra (Lyle et al. 1991) for A; =883 and
910 nm. As was the case in our earlier studies,
the ZPH coincident with Az could only be ob-
served for Ay located in the near vicinity of
P870’s low energy shoulder (i.e., under optimum
line narrowing conditions). The fits given in Fig.
10 were obtained with the parameter values
given in Table 1 and y=6cm”', which also
contains the parameter values reported earlier
(Johnson et al. 1990) for P960 and P870 of the
R-26 mutant. Thus, P* (P_) couples to two types
of phonons: the marker mode, which is a local-
ized phonon (v, S;,) involving intermolecular
motion of the monomers of the special pair; and
low frequency protein phonons (w,,, S). It was
the T-dependence of the ZPH intensity for P870
of the R-26 mutant which led to a value of
w, =23*4cm ' (Johnson et al. 1990). With
regard to the theoretical simulations, it should be
emphasized that the Agz-dependence of the hole
spectra together with P’s absorption band must
be accounted for with one and the same set of
parameter values and that the ratio of the site
inhomogeneous broadening, I';, to the homoge-
neous broadening I'y ~ Sw,, + S w,, is critically
important for understanding how the center of
gravity of the overall hole profile of P shifts as Ag
is varied. Furthermore, the simulations should
be viewed as providing a refinement of the val-
ues for S, w,,, S,,, @, and I'; which can be quite
accurately estimated from the experimental data.
Of course, T is somewhat sample (host) depen-
dent. From Table 1 we see that the total optical
reorganization energy is about 200 cm ', which is
over an order of magnitude greater than the
values determined for antenna Chls and BChls
even when they are strongly exciton coupled
(Johnson et al. 1991). Thus, the linear electron-
phonon coupling for P* is strong (S =S+
S,, ~3), while for antenna pigments it is weak
(S,01 <1). Moreover, a high frequency phonon
like the special pair marker mode is not observed
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Fig. 10. Experimental (solid lines) and calculated (dashed lines) for two different burn wavelengths in P870. Lower set of curves

Az =910 nm and the upper set A; = 883 nm.

for antenna pigments. Since studies of the neu-
tral excitonic wm* dimer states of organic crystals
such as anthracene (Port et al. 1979) and
naphthalene (Robinette et al. 1978) had shown
that the exciton-phonon coupling is weak but
that the coupling of charge-transfer (CT) states
of 1:1 m-molecular donor-acceptor complexes is
very strong (Haarer 1974), it was suggested that
P* must possess a significant amount of CT
character (Johnson et al. 1990). This is consistent
with Stark data (Losche et al. 1987, Lockhart et
al. 1988, 1990) as well as electronic structure
calculations (Warshel et al. 1987).

(if) The low temperature absorption spectrum of
P870 for a single RC

The parameter values given in Table 1 can be
used to calculate the low temperature absorption
spectrum of the special pair P state for a single
RC. This spectrum for P870 of the perdeutero-
RC is shown in Fig. 6 (a) with the marker mode
progression clearly evident. Building on the
‘origi® ZPL (at w=0cm ') is the phonon
sideband (PSB) with @, =30cm ™' and S =1.8.
The w:p and higher marker mode progression
numbers should be measured relative to the PSB

of the above origin ZPL. The reason is that the
calculation allows for ultra-fast vibrational relax-
ation of the marker mode, 100 fs corresponding
to an uncertainty broadening of 50 cm ™" (relative
to a homogeneous lifetime broadening of the
origin ZPL of 6 cm '), cf. subsequent subsection
for a discussion of the ultra-fast relaxation. Thus,
the ZPLs for the 1- and higher marker mode
progression members are broadened to an extent
which makes them unobservable, although they
contribute intensity to the low energy side of the
1- and higher quantum marker mode profiles.
The single RC spectrum of Fig. 6 was used
with Eq. (3) and I, =130 cm ™' to compute the
absorption spectrum of Fig. 6. The latter pro-
vides an acceptable fit to the experimental ab-
sorption profile of P870 (Lyle et al. 1991).

(iii) Electronic relaxation time of P* from a
single phonon-vibration level: Implication for
thermalization kinetics

Theory (Hayes et al. 1988) predicts that the
intensity of the ZPH of the type shown in Figs. 7
and 10 relative to the intensity of the entire hole
associated with the wfp transition is ~exp(—25).
For §$=1.8 (see Table 1), exp(—25)=0.027,
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which can be thought of as the Franck—Condon
factor for the ZPH. The corresponding FC factor
for the ZPL line is exp(—S) = 0.165. The small-
ness of this number is important for future fem-
tosecond photon echo experiments on P since
the levels excited in such experiments would be
predominantly multi-phonon in nature. How-
ever, despite the unfavorable FC factor for the
ZPL, it is precisely the fotal zero-point level of P
which the observed ZPH corresponds to. The
ZPH width for P870 of the perdeutero-RC is
6 cm ™' which corresponds to a lifetime for P870*
of 0.9 ps at 4.2 K. Within our experimental un-
certainties, this is the same as the lifetime for the
perproto-RC of the R-26 mutant (Johnson et al.
1989¢). Thus, we have confirmed, by measure-
ments on the total zero-point level of P*, that
deuteration has little effect on the primary
charge separation kinetics (Breton 1988a).
There is good agreement between the time
domain (10K) and hole burning (4.2 K) values
for the lifetime of P* for all RC we have studied
(Johnson et al. 1989c, Tang et al. 1989). The
agreement is interesting since the excitation
wavelengths utilized in the time domain mea-
surements on P870 prepare phononically and
marker mode ‘hot” P870*. According to non-
adiabatic electron transfer theory (Jortner 1980,
Bixon et al 1982), one would not expect the
above agreement unless thermalization of all rel-
evant phonon modes occurred on a time scale
that is fast relative to primary charge separation.
There are other hole burning results which speak
to this issue. Conspicuously absent in all of our
hole spectra for P of Rps. viridis and Rb. sphaer-
oides, which exhibit the ZPH coincident with Ag
located in the low energy shoulder of the P
absorption band, are the ‘companion’ higher
energy satellite ZPHs of the marker mode pro-
gression. Indeed, our simulations (not shown), in
which the lifetimes of the w:p, wfp, etc. levels are
set equal to the low temperature lifetime of P*
show pronounced ZPH progressions with the
ZPH of the wip transition being the most in-
tense. To eliminate the marker mode progres-
sion ZPHs, it is necessary to invoke ultra-fast
vibrational relaxation in ~100fs (there are no
data which indicate that P* undergoes electronic
relaxation faster than the formation of P*B_; in
fact, the hole burning data prove that such relax-

ation does not occur from total zero-point (Tang
et al. 1990b)).

(iv) The phonons and their role in charge
separation

On the basis of the hole burned spectra of
several systems it is apparent that the coupling of
low frequency phonons (w, ~20-30cm™') to
the Q,-transitions of cofactors of antenna and
RC complexes is ubiquitous. Importantly, modes
of this frequency couple most effectively to the
S, (™) states of a variety of chromophores in
organic glasses and polymers. Thus, they are
likely to be more or less spatially extended
phonons of the ‘soft’ organic host rather than a
localized phonon (libration) of the chromophore.
For this case the one-phonon profile of the ZPL
is governed by D(w)g(w), where g(w) is the
phonon density of states of the host and D is a
frequency dependent coupling function. For pro-
tein complexes the width of this product is about
30 cm ™" The picture which has emerged for the
coupling strength is that it is weak for Chls and
BChls of antenna but moderately strong (S ~2)
for P* of the RC of purple bacteria and PS II of
green plants.

The coupling strength for pure charge-transfer
transitions such as P* BChl BPheo— P*BChl~
BPheo and P"BChl BPheo ™ of purple bacterial
RC must be considerably stronger than for the
P* <P optical transition since both electron-
transfer processes are accompanied by a large
dipole moment change (Ogrodnik 1991). There-
fore, protein phonons of the type above should
contribute to the Marcus reorganization energy
and be a factor in the temperature dependence
of the primary charge separation kinetics which
accelerates with decreasing temperature (Kir-
maier et al. 1985, Fleming et al. 1988). Recently,
an Einstein model with a single phonon was
employed to interpret the T-dependence of pri-
mary charge separation for Rb. sphaeroides and
Rps. viridis (Bixon et al. 1989). For both, the
theoretical fit with w =80cm ™' is quite satisfac-
tory for T=<200K. The model assumed that
P"BChl™ serves as a virtual state (lying higher in
energy than P*) in a super exchange mechanism
for production of P*BPheo . For an adiabatic
energy gap between the latter charge-separated
state and P* of ~ — 2000 cm ™', the Huang—Rhys



(S) factor required by energy conservation is
~ 25 (very strong coupling). It is interesting that
our theoretical simulations of the first reported
and unstructured hole spectra of P870 and P960
(Boxer et al. 1986a, 1986b) utilized a mean
phonon frequency of 80cm ' (Hayes et al.
1988). We understand now that this frequency is
the mean of the frequencies of the special pair
marker mode and the protein phonons. Fits to
the temperature dependence of primary charge
separation for P870* and P960* obtained with a
two mode model (w,, and w,) would be as
satisfactory as those reported by Bixon and
Jortner. However, the question of whether the
marker mode plays an important role in the
temperature dependence is problematic. There
are several reasons for this including that Bixon
and Jortner did not consider the contribution
from intramolecular modes to the Marcus reor-
ganization energy and that the question of the
role of P"BChl™ (virtual or real intermediate
state) has very recently again become controver-
sial (Holzapfel et al. 1990). It has been suggested
that (Ogrodnik et al. 1991) P"BChl™ may serve
as both a virtual and a real (intermediate) state
in the formation of P"BPheo™ with the relative
contributions being T-dependent, which further
‘muddies’ the interpretation of the T-dependence
of the initial phase of charge separation.
Nonetheless, it is clear that low frequency
phonons do play an important role in mediating
charge separation.

We turn next to the question of the dynamical
nature of the special pair marker mode. Both the
frequencies and large S-values (S, = 1) are en-
tirely inconsistent with this mode being a
Franck—Condon active intramolecular vibration
of BChl (Tang et al. 1990b). It follows, there-
fore, that the marker mode is intermolecular in
nature (a ‘localized’ phonon) intimately associ-
ated with the special pair of bacterial RC. Fur-
thermore, the value of w, is greater for P960*
than P870* while the distance between the over-
lapping pyrrole rings I of the special pair of Rps.
viridis (Deisenhofer et al. 1984) and Rb. sphaer-
oides (Allen et al 1987) is ~3.0 and 3.5A,
respectively . These results suggest that coupled
librational motion of the two monomers of the
pair are likely to be a significant contributor to
the dynamics. Neighboring residues and, per-
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haps, the monomers BChl; and BChl, could
also contribute to the marker mode coordinate.
When this coordinate is identified by electronic
structure calculations, it should be possible to
calculate the geometry of the special pair and its
immediate surroundings for the Q,-state from
the experimental S, -value.

Although the marker mode must contribute to
the Marcus reorganization energies for charge
separation from P* (it is only a question of the
relative magnitude of its contribution), it does
not appear that the marker mode serves as a
promoting vibration for electron-transfer, i.e., as
a phononic ‘switch.’ since, were this the case,
primary charge separation would accelerate with
increasing temperature.

Following the hole burning studies it proved
possible to obtain a resonance Raman spectrum
of the RC of Rb. sphaeroides with the excitation
laser frequency located in the near vicinity of the
low energy shoulder of P870 (the w, band).
Two rather broad (~30cm™') bands at 102 and
138cm™' were observed and assigned to the
special pair (Donohue et al. 1990). Thus, it is
possible that the 115cm”™' marker band iden-
tified from the hole spectra is contributed to by
two bands rendered unresolvable, in part, by the
broadening from the linear electron-phonon cou-
pling. In fact, the hole spectra for P960 of Rps.
viridis show some evidence for the w:p hole
being due to more than one vibration (see Fig. 5
of Tang et al. 1990b). The two intermolecular
modes might correspond to symmetric and anti-
symmetric vibrations of a single librational (hin-
dered rotation of coupled molecules) degree of
freedom. Interestingly, the above two Raman
bands could not be observed when the laser was
tuned to higher energy in the P870 absorption
profile. This is consistent with the results of the
hole burning experiments which indicate that the
marker mode (w,) and its overtones relax in
about 100 fs.

(v) Deuterated reaction centers of Rb.
sphaeroides

Comparison of the hole spectrum of Fig. 10 and
others for the perdeutero-RC of wild type Rb.
sphaeroides with the published spectra for the
perproto-RC (R-26 mutant) (Johnson et al.
1990) reveals that the ZPH and associated struc-
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ture of the former are the better resolved. This is
due primarily to the fact that I'; for P870 of the
perdeutero-RC is smaller than for the perproto-
RC (see Table 1) which, in turn, leads to a
FWHM for P870 of the former of only 380 cm '
at 4.2 K. From Table 1 it can be seen that the
values of §, w,, S, and o, for P870 of the
perproto-RC differ from those reported earlier
for the perproto-RC. The differences are not
viewed as significant at this time since they lie
within the ranges of uncertainties for these pa-
rameters (Johnson et al. 1990). Therefore, we
may conclude that deuteration has at most a
small effect on the underlying structure of P870,
i.e., on all physical parameters except I. It is
hardly surprising that low frequency phonons
and their electron-phonon coupling should not
be strongly effected by deuteration. With our
interpretation for the dynamics of the marker
mode, one would not expect its frequency to be
subject to a significant deuteration shift.

B. Reaction centers of green plants

Hole burning has been applied to the primary
electron donor states P700* and P680* of the RC
of PSI (Gillie et al. 1989a) and PSII (Tang et al.
1990a), respectively. For the former, enriched
(35-45:1; Chl a:P700) PST particles containing
the full set of electron acceptors Ay, A,, F, and
F,/Fy were utilized. At liquid helium tempera-
tures, P700" F,/F, is formed irreversibly so
that persistent photochemical holeburning could
be performed on P700, which is clearly discern-
ible as a weak low energy shoulder of the main
670 nm absorption band at 1.6 K. D1-D2-cyt
b, RC complexes of PSII isolated by two
distinct procedures were studied. For both, the
quinone electron acceptors are absent so that
population bottleneck hole burning via *P680*
was employed for the study of P680.

(i) The D1-D2-cyt b, reaction center complex
of PS 11

The PSII RC of plants and the RC of purple
bacteria appear to share structural and functional
similarities (Michel et al. 1986a). For example,
nucleotide and amino acid sequence homology
exists between the D1 and D2 subunits of the

PSH RC and the L and M subunits of the
bacterial RC. The original preparation of the
isolated D1-D2-cyt b, RC was reported to
contain 4-5 Chl and 2 Pheo (Nanba et al. 1987).
The correct composition is now subject to debate
and, for example, Chl/Pheo ratios of 6:2
(Kobayashi et al. 1990) and 10-12:2-3 (Dekker
1989) have been reported. However, it was re-
cently shown that (Tang et al. 1990c) the low
temperature absorption and hole burned spectra
of two distinctly different preparations, McTav-
ish et al. (1989) and Dekker et al. (1989), are
very similar.

The isolated RC of PSII provides a rich sys-
tem for spectral hole burning because the acces-
sory Chl a and Pheo a (active in electron trans-
fer) undergo facile persistent non-photochemical
hole burning while P680 can be studied by tran-
sient population bottleneck hole burning. We
shall focus on P680 and simply state some of the
other more interesting findings: the lifetimes of
the accessory Chl @ and Pheo a (active) states
due to downward energy transfer are 12 and
50 ps, respectively; the electron-phonon coupling
for both these states is weak; the P680 and active
Pheo a absorption bands (determined from non-
line narrowed hole spectra) are degenerate at
681.5 nm but the zero-point level of the Q,-state
of Pheo a lies ~25cm ™" higher in energy than
that of P680 at 4.2 K; and I} for P680 and the
Q,-band of Pheo a is ~100 and ~105cm
respectively.

The low temperature absorption spectra of the
D1-D2-cyt b,sy RC and D1-D2—cyt b,-CP47
complexes are shown in Fig. 11. In Fig. 11B the
most prominent feature at ~679nm is due to
P680 (and to a lesser extent the active Pheo a)
while the broader band at ~ 673 nm is due main-
ly to the accessory Chl a of the RC. Since the
proximal antenna complex CP47 binds 20-25 Chl
a, it dominates the absorption band at ~675 nm
in Fig. 11A. The isolated CP47 complex has
absorptions at ~663, 670, 676 and 683 nm
(Ghanotakis et al. 1989)

Rather than reproduce here our recently pub-
lished hole spectra for P680 of the isolated D1-
D2-cyt by, complex (Tang et al. 1990a), we
show one of our unpublished transient hole spec-
tra in Fig. 12 of the RC bound to CP 47. This
spectrum was obtained following saturation of
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Fig. 11. Absorption spectra (T =4.2K) of (A) D,/D,/cyt
b,,,/CP47 reaction center complex and (B) D /D,/cyt by,
reaction center complex.

the persistent NPHB due to pigments other than
P680 and, except for the relatively weak and
broad feature at ~678 nm, it (and transient spec-
tra obtained with Ags in the near vicinity of 683
nm) bear a striking resemblance to the line-
narrowed hole spectra for P680 of the prepara-
tions devoid of CP47. The ZPH at 683.0 nm
carries a width of 6 cm ™', which is the same as
that reported earlier (within experimental uncer-
tainty of *10%). The broader features at Ay
+~20cm”' are the phonon sideband holes of
the ZPH; their shapes and intensities are similar
to those for the D1-D2-cyt b, complex. We
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Fig. 12. Transient hole burned spectrum of P680 at 4.2 K for
the D,/D,/cyt b,/ CP47 reaction center complex with A, =
683 nm.

conclude, therefore, that the transient hole in
Fig. 12 is due to P680. (The relatively broad
feature at ~678 nm is presumably due to a tran-
sient contribution of CP47. Experiments on the
isolated CP47 complex are planned to check
this). Our preliminary theoretical simulations
for P680 yield S~2, w,~20cm ' and [~
100cm™". As emphasized in our earlier work
(Tang et al. 1990a), the hole spectra of P680 are
devoid of the marker mode progression observed
for the primary donor band of the bacterial RC.

The P680 ZPH width corresponds to a P680*
lifetime of 1.9 = 0.2 ps (Jankowiak et al. 1989).
Time domain measurements yiclded lifetimes of
2.6+0.6 and 1.4 0.2 ps at ice temperature and
15 K, respectively (Wasielewski 1989a, 1989b).
These kinetics and their temperature depen-
dence are similar to those for P870*. The signifi-
cance of the agreement between the hole burn-
ing and time domain values for the lifetime of P*
has already been discussed.

Spectral hole burning has revealed two major
differences between the RC of PSII and the RC
of purple bacteria: whereas the Q,-states of the
accessory BChl and BPheo of the bacterial RC
undergo downward energy transfer in~30fs
(Jankowiak et al. 1989), the Q-state of the
accessory Chl and Pheo (active) of the PSII RC
decay in 20 and 50 ps, respectively (Tang et al.,
1990c). It was also shown that the detergent
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Triton X-100 (but not dodecyl maltoside) severe-
ly disrupts downward energy transfer from the
accessory Chl. Furthermore, the marker mode
progression observed for P870 and P960 is absent
for P680 (however, the coupling to the low
frequency phonons is the same). Thus, the exist-
ence of the special pair marker mode is not a
necessary condition for charge separation to
occur in ~2 ps. Furthermore, ultra-fast energy
transfer of the Q,-states of the accessory cofac-
tors does not necessarily go hand in hand with
picosecond charge separation kinetics.

The absence of the marker mode for P680
raises the question of whether or not P680 is a
special pair or dimer. Based on the hole spectra,
the energy gap between P680* and the Q,-state
of the accessory Chl a of the RC is ~220cm ™'
at 4.2 K, which is considerably smaller than the
corresponding values of ~1600 and ~2000 cm '
for Rb. sphaeroides and Rps. viridis (the dimer
state splittings for these purple bacteria are
slightly smaller). If P680 is a special pair, then
the above observations indicate that the mono-
mers of the pair are weakly exciton coupled
relative to P870 and P960, but that the geometry
(relative orientations of the Q-transition di-
poles) is such as to render one of the dimer states
dipole forbidden (very weakly absorbing). This
does not exclude from consideration the basic
geometry found for the special pair of bacterial
RC; for example, the two monomers could ‘slip’
further apart to increase the Mg..Mg distance
from ~7 A and reduce the overlap of rings I of
the two BChl molecules. A slip translation of
=3 A would eliminate skeletal overlap of rings I.
This tentative structural model might explain the
total disappearance of the marker mode for P680
provided the marker mode involves libration-
induced displacements of the overlapping rings I.

From Table 1 we observe that the values of S
and w,, for P680 are essentially identical to those
for P870 and P960 of Rb. sphaeroides and Rps.
viridis. As emphasized earlier, Sw, ~50cm™'
for the primary electron donor states is signifi-
cantly larger than the measured values for anten-
na Chls and BChls (Se, ~10-1Scm™"). This
was explained in terms of the relatively large
dipole moment change for primary donor states,
vide supra. However, since the marker mode
(w,,) is not active for P680, P680*’s optical

reorganization energy is ~60-70% smaller than
those of the primary donor state of bacterial
(also PS1, vide infra) RC. This suggests that the
dipole moment change for P680* is significantly
smaller than for P* of the bacterial RC, which is
supported by preliminary Stark data (Losche et
al. 1988).

(ii) The primary electron donor state, P700*, of
PS1

Our work (Gillie et al. 1989a) on the photo-
chemical hole burning spectroscopy of the pri-
mary donor state absorption band, P700, of PS I
has recently been reviewed (Johnson et al.
1991b). Thus, our discussion will cover only a
few salient results. Independent of Ay within the
P700 band, the hole profile is broad and struc-
tureless with a FWHM of ~300cm™' and is
devoid of a ZPH. The dependence of the center
of gravity of the hole on Ay led to values for I}
and the total optical reorganization energy of
~100cm ' and ~200cm ™', respectively, Table
1. Since no structure was observed, the theoreti-
cal simulations were performed within the single
mean phonon frequency approximation. For
Sw,, ~200cm ", the fits obtained with §~4-6
and w,, ~50-35cm "' were quite satisfactory. It
was suggested that if the special pair marker
mode exists for P700, its frequency must be
depressed relative to its values for P870 and
P960. The fact that for P700 Sw,, ~200cm ™' is
comparable to the optical reorganization ener-
gies for P870 and P960 (and about an order of
magnitude greater than for antenna Chl) was
taken as convincing evidence for P700 being a
special pair and not a monomer.

C. Light harvesting complexes

Although X-ray structural data are sparse, bio-
chemical and spectroscopic studies have pro-
vided valuable insights into the structure and
organization of light harvesting complexes
(LHC) within the antenna (Loach et al. 1985,
Zuber 1985, Zuber et al. 1985, Breton et al.
1987). Energy transfer in antenna complexes
have been the subject of recent reviews (van
Grondelle 1985, Geacintov et al. 1987, Holz-
warth 1989). A number of factors are important



for understanding the process that directs optical
excitation into the RC. Included are the nature
of the relevant excited states of chlorophylls
(e.g., localized or delocalized), bath-induced
mechanisms for homogeneous broadening of the
pigment optical transitions and physical hetero-
geneity. One can anticipate, therefore, that
under certain conditions the energy transfer pro-
cesses may exhibit a significant temperature de-
pendence.

(i) Antenna complex of Rb. sphaeroides

The antenna of Rb. sphaeroides is comprised of
two main complexes, B800-B850 and B&75, with
the former peripheral to the latter, which sur-
rounds and interconnects the RC. Various struc-
tural models have been proposed for BS00-B850
(Kramer et al. 1984, Breton et al. 1987). It is
generally accepted that the minimal structural
subunit consists of two B850 and one B800 mole-
cule, which are bound by two polypeptides (a
and B). The polypeptides are approximately per-
pendicular to the membrane plane. The #rw*
Q,-dipoles of the B850 molecules, attached to
the a-helices, lie in the membrane plane, while
the Q,-dipoles are perpendicular. The B800
molecules have their Q,- and Q,-dipoles approx-
imately parallel to the membrane plane. The
center to center B8§50-B850 and B850-B800 dis-
tances have been estimated to be no greater than
15 and 21 A, respectively (Bergstrom et al.
1986). The former distance is commensurate
with an exciton coupling matrix element as large
as about 100 cm ™' (Pearlstein 1988). It has been
suggested, for example, that the above minimal
subunit is the basis for a cyclic (C,) ‘unit cell’
structure with »n = 3.

Energy (singlet) transfer in the LHA has been
extensively studied by picosecond techniques.
The B850 to B875 transfer time is about 40 ps at
room temperature (van Grondelle et al. 1987),
whereas the B875 to RC (open) transfer time is
about 60 ps (Freiberg et al. 1989) for chromato-
phores. The B800 to B850 transfer has been
reported to be much faster, 2+ 1 ps at 77K (van
Grondelle et al. 1987). More recently, experi-
ments with femtosecond resolution have led to a
transfer time of 2 ps at room temperature for the
isolated B800-850 complex (Trautmann et al.
1990).
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Non-photochemical hole burning of B800 es-
tablished that the lifetime of B800* is 2.4 ps at
pumped helium temperatures (van der Laan et
al. 1990), which was shown to be due to energy
transfer to B850 (Reddy et al. 1991b). Contrary
to the findings of van der Laan et al. (1990),
NPHB of B850 and B875 is as facile as for BS0O
(Reddy et al. 1991b). Hole burned spectra for
the NFChr mutant (lacking in B875) is shown in
Fig. 13. In spectra (a) and (b) a ZPH coincident
with Ay can be seen. The width of this hole is
4.2+0.5cm™ " implying a lifetime of 2.4 + 0.2 ps
for the B800 excited state. Within experimental
uncertainty this value agrees with that deter-
mined by van der Laan et al. (1990). For A,
within the B800 band the hole width is constant.
In spectrum (b) the dominant BChl a vibration
appears as a ZPH building on B800 origin ZPH
at Ag. Its frequency and FC factor are 750 cm ™'
and 0.05, respectively. Features 1 and 2 in these
spectra are the non-photochemical antihole and
hole, respectively of the B850 band due to burn-
ing in B850* following its population by energy
transfer. The features labeled by upward arrows
can be confidently assigned as vibronic holes
which build on the broad B850 hole. Spectrum
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Fig. 13. Absorption and hole burned (A absorbance) spectra
of mutant NFChr chromatophores of Rb. sphaeroides. Typi-
cal burn conditions for obtaining the hole burned spectra
were 300 mW/cm® for 30 min. The read resolution is 2 cm ™",
Burn laser frequency is denoted by Ay in spectra (a) and (b)
and in spectrum (c) = 11760 cm . Hole marked 750 in (a)
and (b) refer to the vibronic hole of the dominant in-
tramolecular vibrational mode of BChl a building on B850 (a)
and ZPH at (b), respectively. Feature 3 is the hole burned in
the residual B875 band. Unlabelled vertical arrows refer to
various vibronic holes building on the B850 hole. The upper
horizontal scale gives the wavelength innm and the right
vertical axis refers to the absorption spectrum.
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(c) of Fig. 13 is one of several obtained for A,
located within B850. The broad (210 =20 cm™")
B850 hole is very similar to those of spectra (a)
and (b) and, furthermore, the width and peak
position of the B850 hole are invariant to the
location of Ay within B850. This invariance
means that I'; (minimum) for the B850 absorp-
tion band (width 280cm™") is about 200 cm '
(Hayes et al. 1986, 1988, Reddy et al. 1991b).
The origin of this large homogeneous broadening
was identified from the observation that the
750 cm ™' vibronic hole (width 60cm™') which
builds on the B850 hole is much narrower than
200 cm ™", The only mechanism that can account
for this novel vibronic hole narrowing effect is
based on the well-known result that the exciton
bandwidth of a vibronic transition is linearly
proportional to its Franck—Condon factor (Craig
et al. 1965, Hochstrasser 1966). Based on the
data provided above, it follows that I'y
~220cm™' and I =60cm ™' for B850 and that
220cm ™' is a measure of the minimum exciton
bandwidth for B850 (Reddy et al. 1991a).

In view of the finding that B850 is predomin-
antly homogeneously broadened, with I~
220cm ™" (due to exciton level structure and
inter-exciton level scattering), it is not surprising
that B800— B850 energy transfer is essentially
temperature independent, vide supra. From
Forster theory it follows that, if the donor and/
or acceptor state carries a homogeneous
broadening at liquid helium temperatures com-
parable to kT at room temperature, the energy
transfer should be weakly temperature depen-
dent. A bonus of the hole spectra given in Fig.
13 is that the dominant intramolecular modes in
B800— B850 Forster transport are apparent,
i.e., the 750 cm™' mode and ~900 cm ™' modes
(left-most upward arrow) (Reddy et al. 1991b).

We have also studied the antenna of wild type
Rb. sphaeroides, Fig. 14. Within experimental
uncertainty, the lifetime of B800* is the same as
for the mutant, as are the conclusions reached
above for B850. Spectra (a) and (b) of Fig. 14
show that a broad B875 satellite hole results
from excitation of either B800 or B850. Spec-
trum (c) was obtained by burning directly into
B875 and, as was the case for the B850 hole, the
broad B875 hole (width 210 +20cm™') was ob-
served to be invariant to the location of A; within
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Fig. 14. Absorption and hole burned (A absorbance) spectra
of wild type chromatophores of Rb. sphaeroides. Typical
burn conditions are as in Fig. 13. Burn laser frequency for
spectrum (c) is 11363cm ™" The read resolution is 4 cm ™.
Hole marked 1210 refers to the vibronic holes due to in-

tramolecular vibrational modes of BChl a building on B850.

13000

B875. The 1210 cm ' feature of spectrum (c) is a
vibronic hole which builds on the B875 hole and
is due to two closely spaced vibrations whose
combined Franck—Condon factor is 0.05 (these
and the above vibrational assignments are based,
in part, on the high resolution vibronic excitation
spectra of Renge et al. (1987)). The width of the
1210 cm ™! vibronic hole is 80cm ™" and, in the
manner briefly discussed for B850, the degree of
vibronic hole narrowing can be used to de-
termine that Iy, for B875 is ~200 cm ™' (Reddy et
al. 1991a). This homogeneous broadening is due
predominantly to the excitonic mechanism dis-
cussed above for B850. That B850 and BS875
should have similar excitonic bandwidths would
be anticipated from structural models for the
antenna (Kramer et al. 1984, Breton et al. 1987).
Our results allow us to predict that B850— B875
energy transfer should be only weakly dependent
on temperature.

(ii) BCHhl a base plate antenna complex of

P. aestuarii

The water soluble BChl a complex from Pros-
thecochloris aestuarii, the Fenna—Matthews—
Olson (FMO) complex, is one for which struc-
tural information is available (Mathews et al.
1980, Tronrud et al. 1986). The crystal structure
revealed that the basic structural unit is a trimer
of subunits, each containing seven BChl a mole-



cules which are not symmetry equivalent. Near-
est neighbor Mg..Mg distances within a subunit
vary between 11.3 and 14.4 A while the edge-to-
edge distances between subunits (within a given
trimer) are ~25 A. The complex is devoid of the
RC. Furthermore, the relative orientations of
the BChi @ molecules within the subunit are not
appropriate for the formation of ‘dark’ inter-
molecular charge-transfer states which might
mediate energy transfer between the ‘light’ Q-
states. Pairwise dipole-dipole matrix elements
within the subunit are as large as =~200cm '
(Mathews et al. 1980, Pearlstein 1988). The
weakest interactions between BChl monomers in
a given subunit are ~10cm ™, which is compar-
able to the strongest interaction between mono-
mers of different subunits of the trimer.

The 4.2 K absorption spectrum of the FMO
complex in a glass is shown in Fig. 15 and
exhibits five discernible components at 825, 814,
805, 800 and 794 nm (none of which can be
reasonably assigned to vibrational structure). Al-
though this structure and the CD spectra cannot
be understood in the absence of excitonic inter-
actions, attempts to do so in terms of a single
subunit have not been successful (Pearlstein
1978, Mathews et al. 1980). One difficulty has
been the prediction of the absorption band at
825 nm as well as its CD signature. It has been
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suggested that this difficulty cannot be resolved
by allowing for diagonal energy disorder of the 7
BChla (Pearlstein, private communication).
Such disorder is mandated by the X-ray structure
which shows conformational variations between
the BChl @ monomers as well as significant dif-
ference in axial ligand binding to Mg. Indeed,
recent quantum chemical calculations by
Gudowska-Nowak et al. (1990) indicate that the
diagonal energy disorder for the Q,-states is
greater than the observed width of the Q,-
absorption region (=500cm ‘). Although these
calculations overestimate the diagonal energy
disorder, they indicate that this disorder should
be treated on an equal footing with the excitonic
interactions.

Following our first report on the NPHB of the
FMO complex (Johnson et al. 1989), a far more
detailed paper appeared (Johnson et al. 1991a).
Only a few of the persistent NPHB spectra are
presented and discussed here. Before doing so,
we provide the most important findings: A mini-
mum of eight (not seven as expected for the
single subunit model) states contribute to the
Q,-absorption spectrum of Fig. 15, with two
states contributing to the 824nm absorption
band, cf. Table 2; the hole spectra are consistent
with a connectivity between the states which is
expected for states that are delocalized due to
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Fig. 15. Preburn absorption spectrum (dashed line) and hole-burned absorption spectrum (solid line) of P. aestuorii for
Ag = 819.5 nm. These spectra provide the AA spectrum for Fig. 17C. See Fig. 17 caption for details.
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Table 2. Exciton components

Component Wavelength Excited state
(nm)/(cm™") decay time*

1 827.1 (12 090) =20. ps’

2 824.4 (12 130) =20. ps

3 816.3 (12 250) 100 fs*

4 813.0 (12 300) 100 fs

5 807.8 (12 380) 100 fs

6 804.8 (12 425) 100 fs

7 801.3 (12 480) 100 fs

8 793.6 (12 600) 100 fs

* Decay time of exciton state as measured by burning directly
into that state.

® Holewidth 0.5 cm™" for components 1 and 2.

* Holewidth 50 cm ™' for components 3-8.

strong excitonic interactions; the results are most
consistent with excited state electronic structure
from a trimer of subunits; the CD spectra may
well depend sensitively on the relatively weak
excitonic interactions between the subunits of
the trimer; and inter-exciton level ‘Davydov’
scattering, from the upper exciton levels occurs
in ~100fs, cf. Table 2. Subsequently, Pearlstein
has found that the trimer of subunits model leads
to a significant improvement between the calcu-
lated and experimental CD spectra (private com-
munication). Thus, it appears that a minimum of
21 BChla molecules arc required for an
adequate description of the excited state struc-
ture. To a first approximation, the C,-symmetry
axis of the trimer leads to the 14 states polarized
perpendicular to the C;-axis occurring in doubly
degenerate pairs, while the other 7 states, polar-
ized parallel to C,, are non-degenerate. An im-
portant point for theoretical studies is that inher-
ent statistical structural fluctuations from subunit
to subunit may significantly perturb the apparent
3-fold screw-axis symmetry of the trimer.

The solid spectrum (Fig. 15) is the absorption
following a burn at the position of the arrow,
which is coincident with the ZPH (the AA hole
burned spectrum is given as trace c in Fig. 16).
The two most striking aspects of the spectra in
Fig. 15 are: The significant blue-shifting of the
entire absorption spectrum and intensity redistri-
bution produced by hole burning; and that the
absorption features to higher energy of Ay (as
well as lower) are affected. Noting that at 42K
only downward energy transfer from the burn
frequency is possible, it is immediately apparent

WAVELENGTH (nm)

825 810 795
05 ¥ e o
t \/ A
8 t
pd
&
2 f \/ L B
< 1
! 1
fj i \ l MR/ |
T AN N
5 ey -
—.05' |
v
12200 12400 12600

WAVENUMBERS (cm—1)

Fig. 16. Hole spectra of P. aestuorii, Ay = (A) 825.5nm (12
114cm™"), (B) 823.5nm (12 143em™'), and (C) 819.5nm
(12 202cm™'). Burn intensities: (A) 150 mW/cm?, (B)
230 mW/cm’, and (C) 400 mW/cm’. Burn times: (A) 7 min,
40s; (B) 8min, 15s; and (C) 6min, 15s. Solid arrows
pointing downwards indicate A, while those pointing upward
indicate real- and pseudo-PSBH. Dashed arrows indicate
satellite holes. Dashed horizontal lines indicate AA=0. T =
4.2 K and read resolution 2 cm ™. Same vertical scale applies
to each spectrum (spectra A and C offset for clarity).

that these observations cannot be understood in
the absence of connectivity between the different
absorption bands (states).

The hole spectra in Fig. 16 labeled as A, B
and C correspond to A;=825.5, 823.5 and
819.5 nm, respectively. The sharp ZPH at A; in
A and B correspond to a 70% OD change.
According to theory (Hayes et al. 1986), the
fractional OD change for the saturated ZPH is
given by exp(—S), where § is the Huang—Rhys
factor for the protein phonons. A OD change of
70% corresponds to an S-value of 0.3. This value
is nearly a factor of 3 smaller than observed for
Chl a in the light harvesting complex of photo-
system I of spinach (Gillie et al. 1989b) and
represents the weakest linear electron-phonon
coupling observed to date for antenna complex-
es. The phonons to which the transition electron
couples are responsible for the relatively broad
phonon-sideband holes (PSBH) which appear at
w,, =30 cm ™' to higher and lower energy of the
ZPH in spectrum (A) of Fig. 16. Focusing first
on the pseudo-PSBH at —30cm ™' we observe
that its shape in spectrum (B) is distorted (fat-
tened). This distortion cannot be explained by



linear electron-phonon coupling. Rather, it is
most likely a manifestation of energy transfer
from the isochromat excited at Ay to lower ener-
gy absorbers of the 825nm absorption band.
This interpretation is supported by the fluores-
cence spectra of this complex (Johnson et al.
1991a). Downward energy transfer is inconsistent
with the interpretation that views the 825nm
band as being due to a single state of a 7 BChl a
containing subunit. Spectrum (C) of Fig. 16 pro-
vides additional support for energy transfer. It
was obtained with Ay = 819.5nm (12202cm ™),
located in the valley between the 825 and 814 nm
absorption bands. Two holes, indicated by
dashed arrows, are observed at 828 and 824 nm.
They are denoted as components 1 and 2 in
Table 2. It is important to note that the centroid
of the overall hole profile is close to 828 nm and
not 825 nm, which is the maximum of the lowest
energy absorption band, Fig. 15. All three spec-
tra exhibit a prominent higher energy satellite
hole at 814 nm. However, spectra obtained for
Ap located in the low energy side of the 825 nm
band revealed that the 814 nm hole is a doublet
with components at 816 and 8§13 nm, see Table 2.

Figure 17 shows the NPHB spectrum obtained
with Ap =800.0 nm (solid arrow). Seven of the
eight states (located by arrows) listed in Table 2
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Fig. 17. Hole spectra of P. aestuorii, Ay;=2800.0nm
(12500 cm™). Burn intensity of 800 mw/cm’ Burn time of 1
min, 30s. Arrows, T, read resolution and horizontal lines
same as in Fig. 17.
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are visible. It is apparent that the intensity dis-
tribution is determined, in part, by the interplay
between the hole and anti-hole profiles. For
example, in Fig. 17 the four highest energy holes
arc obviously superimposed on an anti-hole de-
rived mainly from the most intense hole at
814 nm.

The decay times for the eight exciton states
given in Table 2 were determined by burning
directly into these states. For states 5—8 this was
complicated by the interference generated by the
broad anti-hole associated with the 814 nm hole.
The hole widths of components 3-8 were essen-
tially identical (*20%) and are stated as
50cm™', corresponding to an energy transfer
decay time of 100fs. The lowest energy states,
components 1 and 2, yielded hole widths of
0.5 cm™" which correspond to excited state decay
times of 20ps. As discussed by Johnson et al.
(1991a), the hole width for component 1
(827.1 nm state) does not represent lifetime (7T,)
broadening. The average level spacing for the
observed exciton states is ~50-75 cm ™" with two
exceptions. There are two larger gaps in the
exciton manifold of ~125c¢m”', between the
824.4 and 816.3 nm states and between 801.3 and
793.36 nm states. However, for the trimer of
subunits model there are 14 states, seven of
which are doubly degenerate. With the interpre-
tation that the 827.1/824.4 nm states correspond
to the parallel and perpendicular components of
the trimer derived from a single subunit exciton
state, it is reasonable to suggest that the higher
energy absorption bands are also contributed to
by unresolvable parallel and perpendicular com-
ponents (we cannot prove or disprove that the
816/813 or 808/805 cm ™' states are such compo-
nent pairs). In addition, one expects that (Pearls-
tein 1988, private communication) =2-3 of the
subunit exciton states would be weakly absorbing
and that the corresponding trimer states are too
weak to have been detected. The point is that
the level spacing could be significantly denser
than indicated by Table 2.

Although ‘dark’ states are not expected to be
important for Forster energy transfer, Forster
theory is not applicable to a strongly exciton
coupled system like the FMO complex since the
states excited are delocalized and, therefore, di-
agonal with respect to the intermolecular poten-
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tial energy, V.. It is V,,, that enters into the
Fermi-Golden rule expression for Forster trans-
fer. For the FMO complex, inter-exciton level
scattering (relaxation) must be induced by (aV,,,/
Q)0 (and possibly higher order terms) and
described by Davydov theory (Davydov 1971).
Here Q is a suitable intermolecular mode(s)
which modulates the pair-wise excitonic interac-
tions. Hindered rotational (librational) motions
of the BChl molecules about axes perpendicular
to the Q,-transition dipole are expected to be
most effective (Dissado 1975).

IV. Future Prospects

There are several new types of hole burning
experiments which can be suggested for future
studies of antenna and reaction center complex-
es: although some polarized (linear dichroism)
hole burning experiments have been performed,
they should receive greater attention since the
additional spectral resolution afforded by hole
burning together with polarization anisotropy
should lead to an improved understanding of the
excited electronic states of coupled pigment ag-
gregates; Stark experiments in which the zero-
phonon hole is studied can provide a direct and
high resolution approach to dipole moment and
polarizability changes which accompany elec-
tronic excitation; and pressure-dependent studies
of the zero-phonon hole as well as the entire
hole spectrum would yield information on the
pressure dependence of energy gaps, excited
state lifetimes and the compressibility of pro-
teins.
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Appendix: Glossary of terms

Antihole:
Increase in absorption at some frequencies within inhomoge-
neous line as a result of the hole burning process.

Diagonal energy disorder:
Inhomogeneous broadening caused by glass host or protein
environment.

Dispersive kinetics:
Variations in the hole burning rate due to a distribution hole
burning rate constant.

Huang—Rhys factor:
A parameter, S, that characterizes the electron-phonon cou-
pling strength. (e * = Debye—Waller factor).

Homogeneous broadening (T',,):
Broadening of the optical transition in chemically identical
molecules in identical local environments.

Inhomogeneous broadening (I'}):
Additional broadening of an optical line due to distribution
of local environments.

Librational motion:
Hindered rotation of coupled molecules in a solid state
system.

Marker mode:
Vibrational mode associated with the special pair in a re-
action center.

Pseudo-phonon sideband hole (Pseudo PSBH):

Loss of absorption on the low energy side of the laser
frequency due to burning of absorbers absorbing at laser
frequency via their phonon sideband.

Real phonon sideband hole (Real PSBH):

Loss of absorbers at burn laser frequency leads to decrease in
absorption (via phonon sideband) at higher energy than the
ZPH.

Spectral diffusion:

Broadening of the absorption line due to fluctuations in glass
host on a time scale longer than excited state lifetime.
Zero-phonon hole (ZPH):

Decrease in absorption at the burn laser frequency due to
saturation removal of molecules with zero phonon lines at
that frequency.

Zero-phonon line (ZPL):
A transition in which no net change of phonons occurs.



