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Abstract

Persistent photochemical hole burned profiles are reported for the primary electron donor state P700 of the
reaction center of PS I. The hole profiles at 1.6 K for a wide range of burn wavelengths (Az) are broad
(FWHM ~ 310cm™') and for the 45:1 enriched particles studied exhibit no sharp zero-phonon hole feature
coincident with Az. The Az-dependent hole profiles are analyzed using the theory of Hayes et al. [J Phys Chem
1986, 90: 4928] for hole burning in the presence of arbitrarily strong linear electron—phonon coupling. A
Huang-Rhys factor S in the range 4-6 and a corresponding mean phonon frequency in the range 35-50cm '
together with an inhomogeneous line broadening of ~ 100cm ' are found to provide good agreement with
experiment. The zero-point level of P700* is predicted to lie at ~710nm at 1.6 K with an absorption
maximum at ~ 702nm. The hole spectra are discussed in the context of the hole spectra for the primary
electron donor states of PS II and purple bacteria.

Abbreviations; NPHB - nonphotochemical hole burning, O.D. -optical density, PSBH - phonon sideband
hole, PS I-Photosystem I P680, P700, P870, P960-the primary electron donors of Photosystem II,
Photosystem I, Rhodobacter sphaeroides, Rhodopseudomonas viridis, PED -primary electron donor,
RC -reaction center, ZPH - zero-phonon holes

1. Introduction Photosystem I (PS I) (Gillie et al. 1989). These and
corresponding data for protein phonons were used
to show that excitation transport within the core

antenna complex is mediated by phonons

Spectral hole burning (Moerner 1988) of
chlorophyllic pigments of photosynthetic reaction

centers (RC) (Meech et al. 1985, Boxer et al. 1986a,
Boxer et al. 1986b, Meech et al. 1986, Gillie et al.
1987a, Tang et al. 1988, Tang et al. 1989,
Jankowiak et al. 1989) and light harvesting (anten-
na) complexes (Gillie et al. 1987b, Kohler et al.
1988a, Kohler et al. 1988b, Renge et al. 1988, Gillie
et al. 1989, Johnson and Small 1989) has been
shown to be a useful probe of excited electronic
structure and dynamics. For example, non-
photochemical hole burning (NPHB) has been used
to determine the frequencies and Franck—Condon
factors for 40 intramolecular modes of the Q, state
of Chl a in the light harvesting complex of

(wn ~ 22cm™!) rather than intramolecular modes
(Gillie et al. 1989). For both Chl a and b of the light
harvesting complex (PSI-200) the linear electron—
phonon coupling for the Q, transition is weak
(Huang-Rhys factor S ~ 0.8). As a consequence
the low temperature absorption width of the Q,
transition is dominated by site inhomogeneous line
broadening, I';. Furthermore, the electronic struc-
ture and geometry of the Q, state for Chl @ and b
suffer minimal perturbations from interactions
with the protein or inter-pigment coupling (Gillie et
al. 1989).

The NPHB spectra for antenna phycobilosomes
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of Masticogladus laminosus (KGhler et al. 1988a,
Kdhler et al. 1988b) and BChl g of Prosthecochloris
aestuarii (Johnson and Small 1989) are also charac-
terized by weak electron-phonon coupling
(S < 1). Thus, their short burn hole profiles, like
those of PSI-200, are dominated by the zero-
phonon hole (ZPH), with the broader one-phonon
sideband holes relatively weak. This is also the case
for the intrinsic accessory pigments of the RC of PS
IT (Jankowiak et al. 1989).

Such hole profiles provide a striking contrast
with those observed for the primary electron donor
(PED) states of PS I (P700*) (Gillie et al. 1987a), PS
IT (P680*) (Jankowiak et al. 1989), Rhod-
opseudomonas viridis (P960*) (Boxer et al. 1986b,
Meech et al. 1986, Tang et al. 1988, Tang et al.
1989) and Rhodobacter sphaeroides (P870*) (Meech
et al. 1985, Boxeret al. 1986a). Although the spectra
for these PED states exhibit differences, which will
be delineated later, they are dominated by a broad
hole(s) with a width of a couple hundred cm™'.
When a relatively sharp (few ¢cm™') ZPH is ob-
served (Jankowiak et al. 1989, Tang et al. 1988,
Tang et al. 1989), it appears as weak features at Ay
(burn wavelength) superimposed on a far more
intense broad hole. The Az-dependence of the first
reported hole profiles for P870 (Boxer et al. 1986a)
and P960 (Boxer et al. 1986b) indicated that there
is a significant homogeneous contribution to the
width of the broad hole. The question of the origin
of the homogeneous broadening has attracted con-
siderable attention since it must reflect, in some
way, the electronic structure of the PED state and
its interactions with the protein and/or a close lying
state(s) of the RC.

Two theories have been proposed for the large
homogeneous broadening based on physical
models proposed by Boxer et al. (1986b). The first
theory proposed attributes the broadening to linear
electron—-phonon (either protein or inter-pigment)
coupling and RC inhomogeniety (Hayes and Small
1986, Hayes et al. 1988), of a magnitude expected
for a state that possesses significant charge-transfer
character. An analytic expression for the hole
profile, which is valid for arbitrarily strong coup-
ling and large inhomogeneous broadening, was
used (Hayes and Small 1986, Hayes et al. 1988) to
account for the Az-dependence of the first reported
hole spectra for P870 (Boxer et al. 1986a) and P960
(Boxer et al. 1986b). In this theory the homo-

geneous width of the broad hole reflects the width
of the phonon progression which builds on the
zero-phonon optical transition. The theory allows
for the appearance of a ZPH superimposed on a
broad hole provided the Huang-Rhys factor S is
not too large [the Franck-Condon factor for the
ZPH is roughly exp (— 28)]. It is the width of the
ZPH that would reflect electronic relaxation of the
PED state (from its zero-point level). It should also
be noted that if w,, is the mean phonon frequency,
Sw,, is the reorganization energy associated with
the optical excitation (2Sw,, is the Stokes shift).

More recently, the ZPH has been observed for
P870 (Johnson et al. accepted, Tang et al. ac-
cepted), P960 (Tange et al. 1988, Tang et al. 1989)
and P680 (Jankowiak et al. 1989). Since in this
paper we report on hole burning of P700, it is
instructive to show here an example of the type of
hole profile that has recently been reported for
P680, Fig. 1. It is characterized by a relatively weak
ZPH coincident with A5. To lower and higher en-
ergy of the ZPH are the pseudo-PSBH (phonon
sideband hole) and real-PSBH displaced by
20cm ' from the ZPH. This mean phonon fre-
quency (o,,) of 20cm ™' is in reasonable agreement
with the value of 26cm™' obtained using the
measured Stokes shift for P680 and the relative
intensity of the ZPH to the broad hole (Jankowiak
et al. 1989). Satisfactory fits to the observed P680
profiles have been obtained (Jankowiak et al. 1989)
using the theory of Hayes and Small (1986). The
ZPH width has been used to determine a decay time
for P680* (due to electron transfer) of 1.9 + 0.2 ps
at 1.6 K. This value can be compared with the value
of 2.6 + 0.6ps at ice temperature (Wasielewski et
al. 1989).

The second theory (Won and Friesner 1988a)
shares certain features with the first, e.g., in-
homogeneous broadening and linear electron-
vibration coupling. But multiple modes (lower fre-
quency monomer intramolecular and phonons)
were introduced. In the application of the theory to
the data for P870 (Boxer et al. 1986a) and P960
(Boxer et al. 1986b), weak electron-mode coupling
was assumed for all modes (Won and Friesner
1988a). To explain the absence of ZPH in the hole
spectra it was proposed that the PED state under-
goes ultra-fast chaotic electronic decay due to
strong coupling with some type of close lying
charge-transfer state. This coupling (~200cm™')



235

DELTA ABSORBANCE

14450 14550

14650

14750 14850

WAVENUMBERS (em—1)

Fig. 1. Difference absorbance hole burned for P680 of the PSII reaction center. The spectrum was obtained for iz = 682.2nm at
T = 4.2K with a read resolution of ~0.1cm™'. The A-absorbance change at the peak is ~ 10%.

was shown to eliminate all the ZPHs predicted in its
absence (Won and Friesner 1988a), as one might
expect. The ZPHs include the one coincident with
wy and the higher energy vibronic satellite holes
(Small 1983). Based on the recently obtained data
for the antenna Chl a and Chl b of PS I (Gillie et al.
1987b, Gillie et al. 1989), however, one would not
expect to observe sharp vibronic satellite holes of
any significant intensity since the intramolecular
vibronic Franck-Condon factors are very small
(£0.04) and no excited state vibrations with a
frequency less than 260cm™' are active. The
Franck-Condon factors for the low frequency in-
tramolecular vibronic modes ($200cm ') of the
bacteriochlorophyll a in a glass at 5 K are estimated
at <0.02 based on fluorescence excitation spectra
(Renge et al. 1987).

In this paper we report on the Ag-dependence of
the hole spectra for P700 of PS I. In an earlier paper
the hole profile for enriched (35 antenna Chl
a:P700) particles was shown to be dominated by a
single broad hole carrying a width of ~300cm™' at
1.6K (Gillie et al. 1987a). A weak but sharp
(~0.05cm™') ZPH coincident with w, was also
observed (Gillie et al. 1987b). Here we present
further evidence (Gillie et al. 1987b, Hayes et al.
1988) that this ZPH is not associated with photo-

active P700. The spectra are interpreted using the
theory of Hayes and Small (1986) and are discussed
in the context of the hole spectra for the other PED
states. A determination for the energy of the zero-
point vibrational level of P700 at 1.6 K is made and
a calculated absorption spectrum for P700 pres-
ented.

2. Experimental

PS I particles were isolated from spinach chloro-
plast and enriched to 45:1 Chl a:P700 via the
procedure of Mullet et al. (Mullet et al. 1980). This
particle contains the full set of electron acceptors
Ay, A, F,, F,/Fyand a subset of the core antenna
complexes (Golbeck 1987). It is devoid of the Chl
b/Chl a light harvesting chlorophyll protein com-
plex, LHCI. The Chl:P700 ratio was assayed by
photo-oxidizing P700. The particles, suspended in a
buffered glycerol/water (pH 8.0) mixture contain-
ing 0.1% Triton X-100, are stored at 77K in the
dark until needed.

For the experiments, the optical density of the
samples was adjusted by dilution to the appropriate
0O.D. with a buffered (pH 8.3) glycerol/water
(70:30) solution containing 100 mM Tris and 0.1%
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Triton X-100. 1mM ascorbic acid is added to
prereduce P700. The samples were held in the dark
at room temperature for a few minutes and then
quickly cooled (< 5min) to 4.2K in a Janis Model
8-DT Super Vari-Temp liquid helium cryostat. All
experiments were performed with the sample im-
mersed in superfluid He at 1.6K.

The spectra were measured in transmission with
the output from a short arc S00 W xenon lamp
(Canrad Hanovia 959C1980) dispersed by a 1.5m
Jobin-Yvon high resolution monochromator
(model HR1500). The resolution for extended
scans was ~1lcm™'. Data collection and
monochromator were computer controlled. The
burn laser was a Coherent 699-21 ring dye laser
operating in the single frequency configuration and
pumped with a 5W argon ion laser. The laser line-
width was ~0.002cm™'. The laser dye used was
LD688 (Exciton) with a tuning range ~ 680-
720nm. Burn intensities were < 10 gW/cm?. Att-
empts to observe the ZPH coincident with wy in-
cluded single frequency scanning over a 30 GHz
range.

It should be noted that the photochemical hole
burned spectra of P700 are persistent since the
charged separated state P700* (F, /Fy)~ is stable at
liquid helium temperatures (Bearden and Malkin
1972, Ke et al. 1978).

3. Results

At 1.6K the 45:1 PS T particles exhibit a principal
absorption maximum near 670 nm due to Chl a of
the core antenna complex and a distinct but weak
shoulder located near 700 nm, which represents
P700, upper curve of Fig. 2. The three lower ab-
sorbance spectra correspond to burns of 1, 5 and
10min with Iy = 5uW/cm? and Ay = 701.8nm.
No ZPH could be observed coincident with this A;-
value or several other values in the range between
701 and 715nm. Under comparable burning con-
ditions and read resolution, the earlier studied 35:1
particles exhibited a readily discernible, albeit
weak, ZPH coincident with ;. From Fig. 2 it is
apparent that the P700 hole is broad (A OD spectra
are shown later).

The increase in absorption to higher energy of
~ 700 nm seen in the upper spectrum of Fig. 2 is
due to the onset of the Chl ¢ antenna absorption.
Figure 3 shows a series of hole burned spectra
obtained with Az = 693.2 nm (the upper spectrum
is the pre-burn absorption spectrum). At this
wavelength absorption by the core antenna com-
plex is dominant but there is some absorption due
to the high energy side of the P700 absorption
profile. The second and third curves of Fig. 3 are
the hole burned spectra obtained with I; = 5 W/

oD
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Fig. 2. Burn time dependence of the P700 bleaching at 1.6K for 45:1 PSI particles, 43 = 701.8nm, T = 1.6K. The top curve is the
preburn spectrum. Burn times (second to fourth spectrum) are 1, 5, 10 min with burn intensity f; = 5uWjcm?.
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Fig. 3. Burn time dependence of the P700 bleaching for 45:1 particles, Ay = 693.2nm, T = 1.6 K. The upper spectrum is the preburn
spectrum. Burn times for the second and third spectra are 1 and [0min, respectively, with 7, = $ uW/cm?, The lowest spectrum was
obtained by an additional 5min burn with f; = 2 W/cm?, The ZPH is ascribed to NPHB of the antenna Cha, see text.

cm’ for burn times of 1 and 10 min. Although not
apparent from the figure, a weak ZPH is observed
for the 10 min burn. The lowest spectrum of Fig. 3
was obtained after an additional Smin burn with
I3 = 2W/cm? and clearly shows a ZPH coincident
with 1. The ZPH is ascribed to NPHB of the
antenna Chl a (Gillie et al. 1987b, Gillie et al. 1989)
and not P700 since the ZPH could not be observed
for Ag-values selective for P700. Although exci-
tation transport within the core antenna complex is
significantly slower at 1.6 K than at room T, the
quantum efficiency for excitation trapping by P700
is still close to unity (Gillie et al. 1989). On the other
hand, the NPHB quantum efficiency for the ante-
nna Chl a is significantly less than unity (Jan-
kowiak and Small 1987a, Jankowiak et al. 1987b).
This explains why the ZPH develops at higher burn
fluences than the P700 hole.

Figure 4 shows the A OD hole burned spectrum
obtained with 4; = 680.5nm, which is close to the
maximum of the antenna Chl a absorption at
670 nm. At 680.5nm the P700 absorption is negli-
gible. The saturated ZPH at Ay, due to NPHB of
antenna Chl g, is intense and accompanied by the
real- and pseudo-PSBH (displaced by w, ~ 20
cm™') (Gillie et al. 1987b, Gillie et al. 1989). The
broad positive going feature at ~675nm js the

anti-hole associated with NPHB (Gillie et al. 1989).
The increase in noise in the vicinity of the anti-hole
is due to the high O.D. near the absorption
maximum. The broad P700 hole, produced by
trapping of the antenna excitation, is also evident in
the figure with a maximum near 702 nm.

The P700 AOD hole profiles obtained for
Ay = 715.0 and 706.5 nm are shown in Fig. 5 and
the profile for A; = 702.6nm in Fig. 6. The absorp
tion by the antenna Chl a at these wavelengths is
weak in comparison to P700. The maxima of the
P700 holes for 4z = 715.0, 706.5 and 702.6 nm are
located at 705, 703 and 702 nm, respectively, and,
again, no sharp ZPH is observed coincident with
Ag. The solid curves are fits to the spectra obtained
using the theory of Hayes and Small (1986).

Before discussing the theoretical fits a brief
overview of the theory is in order. The low tem-
perature absorption profile due to a single absorb-
ing site is written as (Hayes et al. 1988)

Se S
r

LO—-v) = @ -+ 3
r=1
II(Q -V - rwm)! (1)

where v is the zero-phonon transition frequency
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Fig. 4. Difference absorbance (AOD) hole burned spectrum of P700 for 45:1 particles, 43 = 680.5nm, T = 1.6 K. Excitation was for
10 min with Iy = 50 4W/cm? The ZPH at 1, and phonon sideband holes displaced from A5 by ~20cm™' are due to NPHB, see text.
The broad hole centered at ~ 702 nm is due to bleaching of the P700 absorption profile. For the spectrum shown here, saturation of
the ZPH and phonon sideband holes gives the false impression that the linear electron-phonon coupling is stronger than reported earlier
for antenna Chl e (Gillie et al. 1989). The increase in noise in the anti-hole region near 675nm is due to the high O.D. of the sample
near the absorption maximum (~ 670 nm).
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Fig. 5. Difference absorbance hole burned spectra of P700 for 45:1 particles, i3 = 715.0nm and = 706.2nm (top and bottom,
respectively), 7 = 1.6 K. The AOD scale is 0.2. Burn time was 30s with /; = 10 uW/cm?. The solid lines are computed fits with
$=45w, = 45cm~',T, = 100cm™',y = lem~',and v, = 14085cm™". The calculated spectrum for 4y = 715 nm exhibits a very
weak ZPH which could not be expected to be observable given the signal to noise ratio of the experimental spectrum. The top ordinate
scale is wavelength (nm).
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Fig. 6. Difference absorbance hole burned spectrum of P700 for 45:1 particles, A, = 702.6nm, T = 1.6K. The AOD scale is 0.2. Burn

time was 30s with I, = 10 uW/cm?. The solid and broken lines are computed fits with § = 4.5 and w,, = 45cm™" ( yorS = 8
and w, = 25cm~' (——-). See Fig. 5 caption for other parameter values. The top ordinate scale is wavelength (nm).

and w,, is the mean frequency for phonons which by the Gaussian values, i.e., r”’I". Since that work
couple to the electronic transition. The Huang- it has been shown that the differences in the hole
Rhys factors is S and the Franck—Condon factors spectra calculated with Lorentzians and Gaussians
for the r =0, 1,... phonon transitions are are negligibly small (Lee et al. accepted). One
governed by the Poisson distribution {S"e~%/r!},. further point is that the mean phonon frequency
Thus, the Franck-Condon factor for the zero- approximation for monomer electronic transitions
phonon transition is exp(—S); its profile is a in disordered hosts such as glasses, polymers
Lorentzian (/;) with a FWHM = 1y, which is the (Hayes and Small 1978, Friedrich et al. 1980,
homogeneous linewidth of the zero-phonon line. Fearey et al. 1983, Small 1983, Friedrich and

The lineshape for the one-phonon profile is /; and Haarer 1984), and proteins (Gillic et al. 1987b,
is centered at v + w,, witha FWHM of I'. It is well Gillie et al. 1989) is an excellent one. We are not

known that the one-phonon profiles for electronic aware of a single example which indicates other-
transitions of molecules imbedded in amorphous wise. Mixed crystal spectra do sometimes show
solids carry a width of about 30cm™' and the sharp phonon structure due to pseudo-localized
profiles for antenna Chl a and b are no exception modes (Small 1970); this appears not to be the case
(Gillie et al. 1989). To a good approximation the for glassy hosts.

profile can be taken to be a Gaussian. Equation (1) For amorphous hosts a Gaussian distribution
is valid for coupling to a pseudo-localized phonon for the disorder-induced distribution of zero-
or a distribution of host phonons governed by a phonon transition frequencies is appropriate but,
suitable density of states. For the latter case and a for the reason given above, a Lorentzian centered
one-phonon profile governed by a Gaussian, the at v, with a width of T, is employed and denoted by
width of the r-phonon profile (centered at Ny(v — v,,)/N, where N is the total number of ab-
v + ro,)isgiven by I, = r'’T (Hayes et al. 1988). sorbing sites. Recent calculations have shown that
In order to derive an analytic expression for the the error introduced by utilization of a Lorentzian
hole profile, Lorentzians for I (r = 1) were is small for the hole profile (Lee et al. accepted). Let

used (Hayes and Small 1986) with widths governed the absorption cross-section, laser intensity and
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photochemical quantum yield equal o, I and ¢,
respectively. Then following a burn for time 7

Ivt(v - Vm) = ]V()(V — vm)e-—alrL(wB_v) (2)

where wy is the laser burn frequency and L(wg — v)
is given by Eqn. (1). To obtain the absorption
spectrum, A,, following the burn we must convolve
Eqn. (2) with L( — v) and integrate over v. Thus,

_ Se* —olpti{wg—v)
4@ = T [dv N = v)e
x L(Q — v — roy,). 3)

For simplicity the short-burn-time limit is
employed so that the exponential can be expanded
as 1 — ol¢ptL(wy — v). This approximation need
not be made, although the resulting expressions are
very cumbersome if it is not. The hole spectrum in
the short-burn-time limit is simply

A(Q) — 4.(Q) = ol¢t i (e—ssf)<e—ss,,>

ry =0 r ' r ,!
X fvao(v — v )L(Q — v — roy)l.
x (g — v — roy). 4)
Because we are interested in holes whose widths are
comparable to I, we cannot assume that

N,(v — v,) is constant in Eqn. (4). Integration of
Eqn. (4) yields

opt [ & SeSSeS
[AO - Ar](Q) - 3(275)2 (,,Z;o r! ! )
x rl + l“r

I, + T,

2
)

Q -~ v, — rwm)2+<

T,+T,

[+
\[Q—a)3+wm(r’—r)]2+( '_; ')

r

I+ T,

\(wB - Vm — r,a)m)2 + <

+
) I+ T,

2
=)

2
\m-%+%w—W+Cin>

r

. I+ T 2
(@ — v — ro,) + <E¥’—>
-

. < I+ T, 2
\(Q — vy — rw,) + (E,-;—_F,)

&)

The qualitative implications of Eqn. (5) are dis-
cussed by Hayes et al. (1988). Model calculations
with realistic values for T, w,,, y and T, are given in
the same paper for various values of S ranging from
0.5 (weak coupling) to 8.0 (strong coupling). In
Eqn. (5), I, =y and T, = r'”T (r = 1). For
strong coupling (S 2 2)and wg ~ vy, the intensity
of the ZPH relative to the broad hole is to a good
approximation given by exp (— 2S). For this value
of w,,, the ZPH is located near the center of the
broad and more intense hole upon which it is
superimposed. For T, 2 Sw, a burn with wy
located on the low and high energy sides of the
absorption profile produce broad hole profiles that
are shifted to the blue and red, respectively, of wg.
Such behavior was observed by Boxer et al. (Boxer
et al. 1986a) in their studies of P870 in polyvinyl
alcohol films. On the other hand for P960, which
exhibits a smaller value of T, (for the samples
employed), the broad hole maximum is quite insen-
sitive to wg (Boxer et al. 1986b). For a fixed value
of Sw,, increasing w,, has the effect of producing a
sharper drop-off in the wings of the hole. This is
apparent from the two calculated curves in Fig. 6.

Application of the theory to the hole profiles of
P700 is more difficult than for the other PED states,
e.g., P680, since resolved phonon structure and the
ZPH are not observed. Furthermore, the Stokes
shift associated with P700 emission (~ 2Sw,,) is not
known. However, we can estimate that S 2 4.5.
Otherwise, a ZPH coincident with wg should have
been observed (given the signal/noise ratio of our
spectra) for y = 1cm™!, This value of y corre-



sponds to the lifetime of P700 determined at ice
temperature (Owens et al. 1987). If this lifetime
were to decrease by a factor of about 2 in the low
temperature limit, which is a possibility given the
data for P870 (Martin et al. 1986, Breton et al.
1988), P960 (Breton et al. 1988) and P680
(Jankowiak et al. 1989, Wasielewski et al. 1989), a
value of S closer to 4 would preclude observation of
the ZPH in our spectra for PSI-45. In our earlier
work with PSI-35 particles (Gillie et al. 1987a) a
value of § = 5.5 was used to fit the hole spectra of
P700 because the observed ZPH with a width of
only ~0.05cm™! was assumed to be due to P700.
The present and other (Gillie et al. 1987b, Hayes et
al. 1988) studies indicate that it is not, vide infra.
The modest Az-dependence of the P700 hole
profile maxima shown here, as well as that
measured from Az = 708.2, 701.8 and 693.2nm
spectra, indicate that I, < Sw,,. The hole maxima
for these three i, values are located at 703, 702 and
701 nm, respectively. One is constrained in the
choice of the center (v,,) of the zero-phonon tran-
sition frequency distribution by the observed Az-de-
pendence (Hayes and Small 1986, Hayes et al.
1988) and the requirement that the calculated ab-
sorption spectrum must provide agreement with
the observed spectrum.* The calculated hole
profiles in Figs. 5 and 6 for § = 4.5,
0, = 45cm™, T; = 100cm™!, T = 60cm™" and
v, = 14085cm™' (710nm) provide reasonable
agreement with the observed profiles. The devi-
ations on the high energy side of the hole maxima
are the result of the appearance of an increase in
absorption [with a maximum near 690 nm (Schaf-
fernicht and Junge 1981, Sétif et al. 1984, Gillie et
al. 1987a)] which has been attributed to an elec-
trochromic shift of the Chl a associated with the
primary acceptor 4, of the RC and/or antenna Chl
a in the near proximity of the RC (Schaffernicht
and Junge 1981, Seétif et al. 1984). Thus, the quality
of fit of the theoretical profiles can only be judged
on the basis of the region of the experimental
profiles in the vicinity of the hole maximum and to
lower energy of the maximum. The P700 absorp-

* It has been stated (Won and Friesner 1988a, b) that the theory
of Hayes and Small (1986) as applied to P870 and P960 (Hayes
et al. 1988) yields incorrect absorption profiles. This statement
is now acknowledged as being incorrect (Won and Friesner
1989).
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tion spectrum calculated with the above parameter
values is shown in Fig. 7. The calculated profile
exhibits a maximum at 701.5nm and a width of
350cm™'. From the theory one expects (Hayes et
al. 1988) that the calculated absorption width
should be given roughly by Sw,, + I, (300cm™" in
this instance).

4. Discussion

Chemical and white light bleaching experiments on
PSI-35 particles discussed by Gillie et al. (1987b)
and Hayes et al. (1988) had indicated that the sharp
ZPH reported earlier (Gillie et al. 1987a) for P700
of PSI-35 particles is not due to photoactive P700.
The present results for PSI-45 particles confirm
this. With the procedure described by Golbeck
{Golbeck 1980) we have found that an enrichment
of ~35:1 is more difficult to attain than an enrich-
ment of ~45:1. This suggests, perhaps, that the
35:1 particles could be subject to a higher prob-
ability for damage than the 45:1 particles. The
sharp but weak ZPH reported for 35:1 particles
could be due to inactive P700 or antenna Chl a
perturbed by the isolation procedure. In any event,
a hole width of 0.05cm ™! (Gillie et al. 1987b) trans-
lates to a minimum depopulation decay time for
P700 at 1.6 K of 210 ps, which is difficult to recon-
cile in view of the measured decay times at room T
(Fenton et al. 1979, Owens et al. 1987, Wasielewski
et al. 1987) and the fact that the decay rates for
P870* (Martin et al. 1986, Breton et al. 1988),
P960* (Breton et al. 1988) and P680* (Jankowiak et
al. 1989, Wasielewski et al. 1989) increase as the
temperature is decreased from room T.

Turning now to the application of the theory to
the AOD spectra shown in Figs. 5 and 6 it can be
seen that the parameter values S = 4.5,
0, = 45cm™", T = 60cm™!, I, = 100cm™! and
Vm = 14085cm™' provide reasonable fits to the
observed profiles. In fitting to the spectra, I' was
held constant at 60 cm !, a value that is about twice
that observed for the antenna Chl a (Gillie et al.
1989). The increase in I was scaled according to the
ratio of the w, value utilized for P700 to that
observed for the antenna Chl a. We hasten to add
that comparable theoretical fits to the P700 hole
profiles could be achieved using two or more mean
phonon frequencies. However, “‘multi-phonon” fits
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Fig. 7. Calculated absorption profile for P700 at 1.6K. The parameters used were S = 4.5, @, = 45cm~!, T, = 100cm"~

[ =60cm™',y = lem™' and v,, = 14085cm~" (710 nm).

are not justified at this time since underlying struc-
ture for P700 has not been observed. It was found
that the A5-dependence of the hole maximum could
not be accounted for if v,, (A = 710 nm) was varied
by more than +2nm from 710 nm. The fitting of
the 15-dependence also depends quite sensitively on
the ratio of Sw, I'; as one would expect since in the
limit Sw,, > I, there should be no iz-dependence
in the first approximation (Hayes et al. 1988). Com-
parable fits to the hole spectra can be obtained by
increasing I', somewhat [e.g., to 120cm ™" as deter-
mined for P680 (Jankowiak et al. 1989)] provided
Sw,, is appropriately increased. This is also true if
S is increased and w, decreased proportionately
(for a fixed I;). However, it was found that the
goodness of fit to the low energy side of the hole
profiles worsens if S is increased too much above
4.5, e.g., to 8 (Fig. 6). Our many calculations (only
a few of which are shown here) indicate that S and
o, values in the ranges 4-6 and 50-35c¢cm™' and
I ~ 100cm™' and v, = 14085cm™' can ad-
equately account for the observed hole profiles.
The calculated absorption spectrum in Fig. 7 is
difficult to compare with experiment because of
interference by the low energy tail of the antenna
Chl a, see upper curve of Fig. 2. However, since the
homogeneous contribution to the P700 absorption
is large the photochemical hole burning can
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produce a bleach that essentially encompasses the
entire absorption profile. In particular, for Ay sig-
nificantly to the blue of 710 nm (center of the zero-
phonon excitation frequency distribution), e.g.,
702.6 nm as in Fig. 6, or located in the antenna Chl
a absorption origin (Fig. 4) the hole should be a
faithful representation of the P700 absorption
profile at 1.6K. The calculated absorption
spectrum is in good agreement with the two hole
burned spectra just mentioned. Thus, we conclude
that P700 exhibits a maximum at ~ 702nm and
FWHM of 350cm ' at 1.6 K. From our theoretical
analysis approximately 30 and 70% of this width is
due to inhomogeneous broadening and homo-
geneous broadening (from linear electron—phonon
coupling), respectively.

In our laboratory we have now studied the
spectral hole burning of the PED states P680* of PS
IT (Jankowiak et al. 1989), P700* of PS I (Gillie et
al. 1987a, this work), P870* of Rb. sphaeroides
(Johnson et al. accepted, Tang et al. accepted) and
P960* of Rps. viridis (Tang et al. 1988, Tang et al.
1989). It is appropriate, therefore, to compare the
hole spectra for .these systems. The crystal struc-
tures for the RC of Rb. sphaeroides (Allen et al.
1986, Chang et al. 1986) and Rps. viridis (Deisen-
hofer et al. 1984, Deisenhofer et al. 1985, Michel et
al. 1986) have been determined and the structural



arrangements for the special pair, two monomer
BChl and two BPheo (bacteriopheophytin) are very
similar (Allen et al. 1987a). The RC structures for
PS T and PS IT have not been determined. However,
the RC of PS II appears to share structural and
functional similarities with the RC of the purple
bacteria (Michel and Deisenhofer 1986, Trebst
1986, Michel and Deisenhofer 1987) and the
Nanba-Satoh preparation (Nanba and Satoh
1987) of the PS II RC binds 4-5 Chl g and two Pheo
a molecules. Our studies of P960 (Tang et al. 1988,.
Tang et al. 1989) which utilized several different
glass-detergent hosts, revealed that the hole
spectrum is comprised of several relatively broad
holes including a vibronic hole of ~130cm™! that
builds on the lowest energy hole denoted as X. A
study of the Az-dependence of the hole structure
established that it is intrinsic to a single active RC
and not due to gross heterogeniety or impurity.
Very recently the experiments were repeated (Tang
et al. accepted, Johnson et al. accepted) using re-
dissolved Rps. viridis crystals of the quality used for
crystallographic studies. Spectra (both A-absor-
bance and -transmisison) were obtained that allow
for better characterization of the structure reported
earlier. For example, higher progression members
of the ~130cm™' mode were observed in the hole
spectra. Experiments have also been completed in
which redissolved crystals of Rb. sphaeroides were
used (Johnson et al. accepted, Tang et al. accepted).
Importantly, the hole structure observed for P960
is also observed for P870. For both P870 and P960
a weak ZPH is observed superimposed on hole X
when Ap is located in the region corresponding to
the absorption that is associated with hole X. The
widths of the ZPH yield decay times that are in
agreement with those determined for P870* and
P960* at 10K by ultra-fast spectroscopy (Martin et
al. 1986, Breton et al. 1988).

The progression forming ~ 130 cm~' mode plays
an important role in determination of the hole
structure to higher energy of X for P870 and P960.
Interestingly, the P680 hole profile (Jankowiak et
al. 1989, see Fig. 1), appears to be quite similar to
the X hole and ZPH for P870. However, the studies
on P680 have failed to reveal the presence of satel-
lite hole structure due to a ~ 130cm~' mode
(Jankowiak et al. 1989). This mode has been
assigned as an intermolecular special pair marker
mode (Johnson et al. accepted, Tang et al
accepted) and, thus, its apparent absence could be
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relevant to the question of the existence of the
special pair or its structure (if it does exist).

From the above brief overview and the results
presented here for P700 it is apparent that the P700
hole spectra are significantly different from those
for the other PED states. Although there appear to
be significant differences (Allen et al. 1988, Yeates
et al. 1988) between the interactions of the special
pair and amino acid residues in Rps. viridis and Rb.
sphaeroides the similarity in their cofactor struc-
tures (Allen et al. 1987a, Allen et al. 1987b) is
sufficient to yield very similar hole spectra for P960
and P870. The hole spectra for P700 show no
evidence of any structure (akin to that associated
with the ~ 130cm ™! mode of P870 and P960) even
though the P700 hole profile and calculated absorp-
tion profile are about 100cm™' narrower than the
overall hole widths and absorption widths of P870
and P960. This, together with the fact that
I; ~ 100cm™' for P700, is telling in the sense that
if a mode analogous to the ~ 130cm™" is active in
the P700 hole profile, the fact that it cannot be
resolved means that its frequency and/or Franck-
Condon factor are considerably reduced. We
cannot distinguish between this possibility or the
possibility that such a progression forming mode
does not exist. The existence of the special pair for
P700 is still being debated but evidence for its
existence appears to be mounting (Golbeck 1989).
Assuming that it does exist, the above remarks and
the absence of the ZPH for P700 indicate that its
geometric and/or its excited state electronic struc-
ture might be quite different than for the purple
bacteria.

Finally, we note that it should be possible to
simulate the unstructured hole spectra reported
here for P700 by reducing the linear electron-
phonon coupling strength and compensating for
this reduction by introducing an ultra-fast elec-
tronic relaxation channel for P700*. The theory of
Won and Friesner 1988a would be appropriate for
such simulations.

5. Conclusions

The P700 hole profiles obtained for a wide range of
burn wavelegnths Az do not exhibit a sharp ZPH
coincident with Ay, are broad (~310cm™') and
devoid of structure due to low frequency Chl a
intramolecular modes or inter-pigment modes.
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They provide an interesting contrast with the hole
profiles for the PED states of other RC. The P700
hole profiles, with their modest A;-dependence, can
be modeled using the theory of Hayes and Small
(1986). In so doing it is estimated that 30% of the
P700 absorption width (~350cm™') is due to
inhomogeneous broadening arising from slight
structural variations from RC to RC and 70% to
homogeneous broadening. The theory ascribes the
latter broadening to linear electron~phonon coup-
ling and not to ultra-fast electronic relaxation of
P700*. Inclusion of two different mean phonon
frequencies in the theoretical analysis would not
markedly change the above percentages. The
theoretical analysis yields a value of ~710nm for
the location of the zero-point level of P700* at
1.6K. The P700 absorption profile maximum
occurs at ~702nm with the differences between
this wavelength and 710 nm due to the reorganiz-
ation energy (Sw,) associated with the optical
excitation. The strong linear electron-phonon
coupling for P700* suggests that it may possess
significant charge-transfer character as appears to
be the case for P870* (Braun et al. 1987, Lockhart
and Boxer 1987, Losche et al. 1987, Lockhart and
Boxer 1988) and P960* (Braun et al. 1987, Losche
et al. 1987, Lockhart and Boxer 1988).
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