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ABSTRACT: The intact photosystem I of maize containing its full antenna complement (PSI-200) has been
purified and fractionated into the core and outer antenna (LHCI) components. It is demonstrated by
absorption and fluorescence spectroscopy that at least 80% of the long wavelength absorbing antenna
pigments (red forms) are located in LHCI. Absorption spectra in the Qy region of all three preparations
were measured between 72 and 300 K and subjected to a thermal broadening analysis. Data are interpreted
in the linear electron-phonon coupling assumption, and the average optical reorganization energy (Sνm)
for the bulk pigment band and the red absorption tail determined. A marked asymmetry inSνm values
across the absorption band is demonstrated. The bulk pigments in all three preparations have rather low
values, in the range of 15-25 cm-1, suggesting that Stokes shifts for the absorption forms are in the
1.5-3 nm range. On the other hand the red forms have markedly greater reorganization energies. While
a direct thermal analysis of the red tail indicates minimumSνm values of around 60 cm-1, when the
contribution of the red tail of the bulk pigments is corrected for in LHCI, the more reliable value of 110
cm-1 is obtained. These highSνm values for the red pigment forms suggest that they have unusually
wide homogeneously broadened absorption bands and large Stokes shifts (6-11 nm).

It has long been recognized that the antenna of higher plant
photosystem I possesses unusual spectroscopic properties
associated with the presence of significant absorption in the
long wavelength tail (e.g., ref1-3) which is due to the
presence of a number of chlorophyll spectral forms absorbing
at energies which are lower than that of the primary
photochemical trap, P700. These red forms account for
5-7% of the total PSI absorption. It was initially thought
that their excited states become significantly populated only
at cryogenic temperatures (e.g., refs4, 5), which apparently
obviated the problem of uphill energy transfer to P700.
However more recently it has been clearly demonstrated,
using both steady-state and time-resolved techniques, that
the fluorescence emission is in fact dominated by the red
forms at room temperature (6, 7). Furthermore it was shown
for maize PSI-200 (7), and more recently for theSynechoc-
cocusPSI core (8), that the room-temperature fluorescence
spectrum can be almost exactly calculated from the absorp-
tion spectrum using the Stepanov expression (9) which
assumes thermal equilibration of excited states between all
energy levels in the system. These studies demonstrate that
about 85% of the room-temperature excited-state population
is associated with the red forms and underline their impor-
tance in energy transfer processes in PSI antenna. While it

has been suggested that the low-energy forms may serve to
increase the rate of energy flow from the antenna by focusing
energy on the reaction center (10) most opinion, based on
model studies, suggests that they do in fact slow down this
process (11-13), due to the fact that they are energetically
much lower than P700 (1-3 kT at room temperature). The
possibility that they may significantly increase the absorption
cross section of PSI in certain environmental conditions has
been suggested (12, 14).

Despite considerable experimental effort, progress in
understanding the detailed spectroscopic properties of the
red forms has been rather slow, mainly due to the lack of
absorption structure in the red tail. The strong fluorescence
signal, however, has permitted identification of two red
emitting pigment pools near 720 and 735 nm (1, 15-17)
though the 735 nm emission was recently demonstrated to
be heterogeneous in maize PSI, with 730 and 740 nm
emitting pools present (7). From the above-mentioned
Stepanov (9) calculations it would appear that the fluores-
cence yield of the red forms is similar to that of the bulk
antenna chlorophylls. A number of attempts have been made
to determine the absorption origin bands of these red
emission forms with most suggestions pointing toward
absorption bands with maxima near 695, 708, and 716 nm
(e.g., refs15, 18). If these suggestions are correct, then the
red forms would appear to have very large Stokes shifts (10-
25 nm). However it must be pointed out that, when the
Stokes shift is determined from an absorption/fluorescence
comparison in chlorophyll-protein complexes, as is usually
the case, such factors as site inhomogeneous broadening,
excitonic pigment interactions, and the presence of low-
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energy vibrational bands can greatly complicate interpreta-
tion. The Stokes shifts for non-red-shifted chlorophyll a
spectral forms in chlorophyll-protein complexes, based on
the electron-phonon coupling properties, have been deter-
mined to be not greater than 2 nm (19, 20). As the Stokes
shift is determined by the homogenoeus bandwidth charac-
teristics, and thus in the final analysis, by the electron-
phonon coupling properties of the pigment in its protein
binding pocket (Stokes shift≡ 2Sνm, where S is the
electron-phonon coupling strength andνm is the mean host
phonon frequency), the very large values suggested may
indicate unusually high optical reorganization energies (Sνm)
for red antenna forms (18). Absorption hole burning in the
red tail of a PSI core particle (21) has in fact indicated the
presence of chlorophyll with very high optical reorganization
energy (Sνm ) 200 cm-1), though it appears that this is due
to P700 and not to a red antenna form.

To further study this problem we have used an alternative
approach, in which the thermal broadening of the red
absorption tail of PSI-200, LHCI, and PSI core was analyzed
in terms of the second-order central moment and compared
with that of the bulk antenna pigments. This approach was
recently demonstrated to yield reliable information for the
LHCII absorption band (20). The data indicate thatSνm for
the red tail is at least three times greater than that for the
bulk chlorophylls, which is similar to chlorophyll a antenna
molecules in other chlorophyll-protein complexes.

MATERIALS AND METHODS

Purification of PSI-LHCI. Leaves of 15-day-old Zea mays
were homogenized in 0.4 M sorbitol, 0.1 M Tricine, pH 7.8,
10 mM NaCl, and 5 mM MgCl2. Isolation of the thylakoids
was performed as described previously (22). Freshly pre-
pared thylakoids were resuspended at 1 mg/mL chl in
distilled water and solubilized byn-dodecyl-â-D-maltoside
(DM) at a final concentration of 1%. After stirring for 20
min at 4 °C, the sample was centrifuged for 10 min at
40000g, and 6-mL aliquots of the supernatant were loaded
on 0.1-1 M sucrose gradients (35 mL) layered over 2 mL
of 2 M sucrose, containing 5 mM Tricine, pH 7.8, and 0.03%
DM. After centrifugation for 42 h at 28 000 rpm in a SW28
rotor (Beckman) at 4°C, four green bands were distinguish-
able. The bands were collected and analyzed by SDS-
PAGE (23). The lowermost band, containing PSI-200, was
diluted in 5 mM Tricine, pH 7.8, and centrifuged for 3 h at
70000 rpm in an 80 Ti rotor (Beckman). The pellet was
resuspended in 5 mM Tricine, pH 7.8, and 50 mM sorbitol,
frozen in liquid nitrogen, and stored at-80 °C.

Purification of PSI Core and LHCI. The pellet from PSI-
200 preparation was resuspended at 0.3 mg/mL in distilled
water and solubilized by 1% DM and 0.5% Zwittergent-16.
After stirring for 20 min at 4°C the sample was rapidly
frozen in liquid nitrogen and slowly thawed to improve the
detachment between PSI core and LHCI. Samples (1.5 mL-
aliquots) were loaded on a 12-mL 0.1-1 M sucrose gradient,
also containing 5 mM Tricine, pH 7.8, and 0.03% DM. After
centrifugation for 24 h at 4°C at 41 000 rpm in a SW41
rotor (Beckman), five green bands were obtained. The bands
were analyzed by SDS-PAGE (23). The second band from
the top contained all of the LHCI polypeptides and the third
the PSI core particles. The fractions were frozen in liquid
nitrogen and stored at-80 °C.

Absorption and Fluorescence Spectroscopy. The absorp-
tion and fluorescence emission spectra were measured using
a EG&G OMAIII (Model 1460) with an intensified diode
array (Model 1420) mounted on a spectrograph (Jobin-Yvon
HR320) with a 150 groove mm-1 grating. The wavelength
scale of the instrument was calibrated using a spectral line
calibration source (Cathodeon). The absorption spectra were
registered as previously reported (20). The samples were
diluted in a buffer containing Tricine 5 mM, pH 7.8, glycerol
60%, and 0.015% DM.

The fluorescence spectra were recorded as previously
described (7), but in the presence of 0.015% DM.

The thermal broadening analysis was performed as previ-
ously described (20).

RESULTS

Absorption and Emission Spectra of PSI-200, LHCI and
PSI Core. Steady-state absorption spectra of PSI-200, LHCI,
and the PSI core particle are presented in Figure 1. As
pointed out in the Materials and Methods section, both core
and LHCI preparations are derived from the PSI-200
preparation. To facilitate comparison, all preparations were
suspended in the same low concentrations of dodecyl
maltoside (0.015%). All preparations display absorption
maxima, associated with the bulk antenna chlorophylls, near
680 nm. While this is similar to previously reported data
for PSI-200 and core particles (7, 22, 24) the literature values
for LHCI are considerably blue-shifted (16, 17, 25). We
believe that our spectrum for LHCI is close to that of the in
vivo complex, as it is possible to successfully describe the
PSI-200 spectrum by the equally weighted sum of the present
LHCI and core spectra (data not presented). Under these
conditions the red wing of PSI-200 is somewhat decreased
with respect to that previously reported by us owing to the
presence of detergent here (7). It is apparent that the red
absorption tail is much greater in LHCI with respect to the
core prepartion. On the basis of Gaussian decomposition
of the LHCI spectrum, in which the red tail is well-described
by 3 red forms with maxima near 701, 715, and 726 nm in
the 80-300 K temperature range (data not presented), we
estimate that the absorption intensity associated with the red
forms is between 10% and 12% of the total Qy absorption
in LHCI, whereas this value is about 4% in the core. As
part of this is associated with P700 in the core, it can be

FIGURE 1: Absorption spectra of PSI-200 (solid line), PSI core
(dashed line), and LHCI (dotted line) in Tricine 5 mM, pH 7.8,
0.015% DM at 290 K. Spectra have been normalized to the peak
value.
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shown that the antenna red form content of this particle is
probably about 4-5 times less than that in LHCI.

In Figure 2 some steady-state emission spectra for the
LHCI and core preparations in the 80-300 K are presented.
At 280 K the LHCI emission displays a quite intense
emission at 680-690 nm, associated with the bulk antenna,
and a prominent red emitting band with a maximum around
720 nm. This latter band shifts to longer wavelengths upon
lowering the temperature, with an 80 K emission peak at
732 nm. This temperature-dependent behavior is qualita-
tively similar to that already reported for our PSI-200
preparation (7), though less pronounced, and reflects the
expected increased population of the lower-energy states at
low temperatures. These data therefore indicate the presence
of a number of energetically different red forms in LHCI.

The core emission spectra are markedly different with
respect to LHCI. At high temperatures the overall fluores-
cence yield is low and red form emission is weak, in
agreement with previous studies (6, 17). This latter observa-
tion supports the above interpretation that the core has a low
red form content. In addition the main band, near 725 nm,
does not become progressively red-shifted upon lowering the
temperature even though the usually observed large increases
in fluorescence yield occurred. This may indicate that the
isolated core particle contains only a single red form. We
have checked whether the relatively intense 680-690 nm
emission at high temperatures may be associated with some
uncoupled chlorophylls by determining the emission spec-
trum in the presence of an added quinone quencher of
chlorophyll fluorescence (dibromothymoquinone, 2µM). As
the quenching efficiency is the same over the entire emission
band (data not presented), uncoupled chlorophylls do not
seem to be present.

Thermal Broadening Analysis of Absorption Spectra. It
is well-known that the bandwidth for a thermally broadened
absorption transition is given by the following (19):

where σb
2, σh

2, and σi
2 are the mean square standard

deviations of the total band and the homogeneous and
inhomogeneous contributions, respectively.

For linear electron-phonon coupling this can be rewritten
(26, 27):

whereS is the linear electron-phonon coupling strength,νm

is the mean phonon frequency (cm-1), T is the absolute
temperature, andk, c, andh are fundamental constants. It
is usually assumed thatσi

2 is temperature-independent,
though this may not always be the case (28).

For a composite absorption band, which in the following
will also be called the total absorption band, in which a
numberN of energetically different transitions are present
(heterogeneously broadened) a similar expression can be
written (20):

whereAk is the absorption intensity weighting factor. In
this caseσi

2 is a complex term describing both the inhomo-
geneous distribution of the single transitions and the het-
erogeneous broadening of the composite absorption band
(20). Thus the temperature sensitive part of the mean square
deviation of a composite absorption band (σtot

2) is given
simply by the intensity weighted sum of theσ2 values of
the individual transitions. As the mean phonon frequency
(νm) for protein-bound chlorophylls has been determined by
absorption hole burning to be in the 20-30 cm-1 interval
(19, 21) eq 3 may be approximated by

In principle eqs 3 and 4 are also applicable to segments of
a composite absorption spectrum.

In the present paper we have used eq 4 to analyze the
thermal broadening properties of the heterogeneously broad-
ened spectra of PSI-200, LHCI, and the PSI core, in the Qy

region, to obtain estimates forSνm. In the assumption that
the electron-phonon coupling characteristics of the underly-
ing transitions of a composite spectral region are similar,
plottingσtot

2 versusT yields theSνm of the single transitions.
When this assumption is not upheld this plot gives a kind of
averageSνm for the various transitions.

In Figure 3 some sample absorption spectra of the PSI-
200 and LHCI preparations in the 80-300 K range are
shown. Calculations ofσtot

2 were initially performed for the
entire spectral band in the wavelength interval above 658
nm (15 200 cm-1) and are plotted as a function of temper-
ature in Figure 4. The integrated areas under the absorption
bands were conserved over this temperature interval. All

FIGURE 2: Fluorescence spectra of LHCI (A) and PSI core (B) in
Tricine 5 mM, pH 7.8, 0.015% DM, and 60% glycerol, measured
at different temperatures. Decreasing fluorescence values at 690
nm are associated with decreasing measurement temperatures. In
A, the temperatures (in K) are 280, 265, 250, 225, 200, 175, 150,
125, and 80 and spectra are normalized to the maximum. In B, the
temperatures (in K) are 280, 225, 175, 125, and 80 with normaliza-
tion at 725 nm.

σb
2 ) σh

2 + σi
2 (1)

σb
2 ) Sνm

2 coth(hcνm

2kT ) + σi
2 (2)

σtot
2 ) ∑

k)1

N

AkSkνmk
2 coth(hcνmk

2kT ) + σi
2 (3)

σtot
2 ) 1.39∑

k)1

N

AkSkνmkT + σi
2 (4)
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data can be described by linear plots, though in the case of
PSI-200, there is considerable dispersion. When the slopes
are analyzed in terms of eq 4,Sνm values of 33, 35, and 28
cm-1 are determined for PSI-200, LHCI, and the core,
respectively. These values are all somewhat greater than
those determined for some PSI bulk chlorophylls by hole
burning (Sνm ) 20 cm-1, ref 29), and as will be seen below,
this is due to the presence of the red absorption tail.

One way to analyze the bulk antenna and the red tail
separately would be to decompose the absorption spectrum
into Gaussian subbands and to calculate the mean square
deviation for the two sets of subbands associated with these
two spectral regions according to eqs 3 and 4. However, as
the PSI preparations contain a very large number of pigment
sites, it would be virtually impossible to find a physically
meaningful, and hence temperature-stable, subband descrip-
tion in which the subband positions and intensities remain
constant over the temperature range used here. We have
therefore chosen a second approach in which the absorption

spectra were analytically interrupted (cut) at some wave-
length. As can be seen from Figure 3 the dividing
wavelength region between the bulk antenna and the red tail
is around 700 nm. We have therefore “cut” all spectra at
699 (14 300 cm-1), 704 (14 200 cm-1), and 709 nm (14 100
cm-1) and for the bulk antenna have analyzedσ2, for each
complex, in the following three wavelength intervals: 658-
699, 658-704, and 658-709 nm. For the red tailσ2 was
determined separately from 699, 704, and 709 nm. In Figure
5 the thermal broadening plots for the bulk chlorophylls for
the three above indicated spectral intervals are shown for
PSI-200, LHCI, and the core. The data are approximated
by a straight line, though in all cases a somewhat regular
fluctuation around the linear fit is apparent. Analysis of the
linear slope in terms of eq 4 yieldsSνm values between 15
and 25 cm-1, with the highest values being associated with
LHCI. These average values are in quite good agreement

FIGURE 3: Absorption spectra of PSI-200 (A) and LHCI (B) in
Tricine 5 mM, pH 7.8, 0.015% DM, and 60% glycerol, measured
at different temperatures between 300 and 80 K.

FIGURE 4: The second-order central moment,σ2, of the PSI-200
(2), LHCI (9), and PSI core (b) absorption bands determined for
the wavenumber interval 13300-15200 cm-1 as a function of
temperature. The linear fit gives the following: (2) Sνm ) 33 cm-1,
(9) Sνm ) 35 cm-1, (b) Sνm ) 28 cm-1.

FIGURE 5: The second-order central moment,σ2, of the bulk
absorption band of PSI-200 (A), LHCI (B), and PSI core (C), with
different wavelength “cuts” as a function of temperature. For all
complexes the open symbols represent theσ2 calculated in the
14100-15200 cm-1 interval, the solid symbols 14200-15200 cm-1,
and the open-dot symbols 14300-15200 cm-1. For each complex
the three linear fits yield (A)Sνm ) 20 cm-1, Sνm ) 19 cm-1, and
Sνm ) 16 cm-1; (B) Sνm ) 24 cm-1, Sνm ) 26 cm-1, andSνm )
24 cm-1; and (C)Sνm ) 21 cm-1, Sνm ) 19 cm-1, andSνm ) 15
cm-1.
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with hole burning and show that it is red tail which led to
the higherS values for the total band (Figure 4). For the
red tail the thermal broadening analysis (Figure 6) was
restricted to PSI-200 and LHCI owing to its very low
intensity in the core preparation. In both cases area
fluctuations between 80 and 300 K were within 5%. In all
cases the data are well-described by a linear fit withSνm

values in the range 50-65 cm-1. These values are about
three times greater than those for the bulk chlorophylls.

DISCUSSION

In the present study the intact photosystem I particle (PSI-
200) from maize has been fractionated into its outer antenna
components, a mixture of four chlorophyll a/b binding
complexes known as LHCI (30-32), and the core complex.
From the absorption and fluorescence spectra it is evident
that the red spectral form content is very different for LHCI
and the core, with the former containing much higher
amounts. In terms of absorption intensity above 700 nm
we believe that at least 80% of the red forms are associated
with outer antenna complexes. On the basis of our earlier
analysis of PSI-200 (7) in which a minimum number of three
red forms was proposed, associated with 10-12 chlorophyll
molecules per photosystem, we therefore suggest that the
maximum number of red absorbing antenna pigments in the
isolated core is 2/complex. The absence of fluorescence red
shifting in the core at low temperatures furthermore suggests
that only one spectral form may be present. Thus it is clear
that the higher plant photosystem I core has a much lower
red form content and energy spread than that of cyanobacteria
(e.g., refs8, 18, 33, 34) where the intensity of the red tail is
rather similar to that described here for LHCI.

We have analyzed the thermal broadening of PSI-200,
LHCI, and the core complex absorption spectra in terms of
the second-order central moment, as previously described
for LHCII (20). In the linear electron-phonon coupling
assumption this approach yields an average value for the
optical reorganization energy (Sνm) of the absorption transi-
tions lying under the analyzed spectral region. For LHCII,
total band values forSνm in the 10-20 cm-1 range were
found, in good agreement with the limited hole burning data
for a single chlorophyll form in that complex (35). In the
present study essentially similar values were found for the
bulk antenna chlorophylls (Sνm ) 15-25 cm-1) which are
also in good agreement with hole burning (29, 36). The
highest values were associated with the bulk chlorophylls
of LHCI (Sνm ) 24-25 cm-1). We therefore conclude (eq
2) that the homogeneously broadened bandwidths (fwhm)
associated with the Qy(0,0) for bulk PSI chlorophylls at room
temperature, similar to those for LHCII, are close to 215
cm-1 (10 nm) and that the Stokes shifts (2Sνm) are expected
to be about 2 nm.

While the bulk PSI chlorophylls are characterized by
electron-phonon coupling properties rather similar to those
of other antenna chlorophylls, the red antenna forms,
absorbing at wavelengths above 700 nm, are not. Thermal
analysis of the red tail after “cutting” the spectrum at different
wavelengths yieldedSνm values in the 50-65 cm-1 interval.
The very similar values for the two samples analyzed are
not surprising as most of the red forms are in fact associated
with LHCI (see Discussion above). This clearly shows that
the optical reorganization energy of the red forms is much
greater than that of the bulk PSI chlorophylls as well as the
antenna chlorophylls of PSII complexes. We point out,
however, that the technique of analyzing the “cut” tail in
this way will lead to an underestimation of the realSνm value
due to (a) the presence of the red wing of bulk chlorophylls
in the analyzed region and (b) the elimination of the blue
tail of highest-energy red forms. We have therefore used
an alternative approach to estimate this parameter. In the
assumption that the electron-phonon coupling properties
within each of the spectral intervals considered, that is, the
bulk and red tail regions, are equal, from eq 3 we may write
the following:

whereAb andAr are the absorption weightings of the bulk
and red forms respectively, and (Sνm)tot, (Sνm)b, and (Sνm)r

are the average reorganization energies of the total absorption
band, bulk chlorophylls, and the red forms, respectively.
When this approach is applied to LHCI, for which we
estimate that the red forms carry about 10-12% (Ar) of the
total Qy intensity, and using the (Sνm)tot and (Sνm)b of Figures
4 and 5, we find (Sνm)r 110 cm-1. As the red tail of PSI
contains at least 3 spectroscopically identifiable spectral
forms (7), there may, of course, also be some heterogeneity
in the optical reorganization energy.

The presentSνm determinations suggest that the band-
widths of red forms may be great, with minimum fwhm
values at room temperature for the homogeneously broadened
Qy(0,0) transitions of around 400-500 cm-1 (20-25 nm)
and Stokes shifts (2Sνm) in the 6-11 nm range. From the
above Discussion we favor the higher values. These values,

FIGURE 6: The second-order central moment,σ2, of the red
absorption tail of PSI-200 (A) and LHCI (B), with different
wavelength “cuts” as a function of temperature. For all complexes
the open symbols represent theσ2 calculated in the 13300-14100
cm-1 interval, the solid symbols 13300-14200 cm-1, and the open-
dot symbols 13300-14300 cm-1. For each complex the three linear
fits yield (A) Sνm ) 55 cm-1, Sνm ) 54 cm-1, andSνm ) 48 cm-1;
and (B)Sνm ) 65 cm-1, Sνm ) 62 cm-1, andSνm ) 55 cm-1.

(Sνm)tot ) Ab(Sνm)b + Ar(Sνm)r (5)

Absorption Thermal Broadening of PSI Biochemistry, Vol. 37, No. 50, 199817359



while being much greater than those for the bulk antenna
chlorophylls, are less than the value of 17 nm suggested by
Gobets et al. (18), on the basis of site-selected fluorescence
measurements, for the lowest-energy transition in PSI-200.
They are, however, similar to that suggested by the same
authors for the lowest-energy transition inSynechocystiscore
particles (10 nm). The huge Stokes shift found by Gobets
et al. (18) for the PSI200 red form suggests a reorganization
energy of 160 cm-1. The discrepancy with respect to the
values which we report here may, of course, be associated
with heterogeneity in electron-phonon coupling between the
red forms with our values being average ones. On the other
hand interpretation of the site-selected fluorescence data
assumes that emission is coming from the same transition
that is being excited, and this is extremely difficult to
demonstrate with any certainty. For example, if the red
forms were to be associated with excitonically interacting
chlorophylls, very large apparent Stokes shifts could be due
to excitation into the high-energy excitonic band with
emission originating exclusively from the low-energy transi-
tion (37) at the very low temperatures (1-2 K) employed in
site-selected experiments. In this scenario most of the
apparent Stokes shift may be expected to be associated with
the excitonic band splitting. However it should be mentioned
that absorption hole burning into the red tail of a spinach
PSI core particle (burn wavelength near 715 nm) yielded
the very high reorganization energy of 200 cm-1 (21). In
view of the only very weak burn wavelength dependence of
the hole maxima (between 702 and 705 nm at 1.5 K) and
the almost unchanged phonon sideband energy spread, this
was associated with P700 and not with an antenna form. The
present observation of the paucity of red forms in the PSI
core from higher plants lends weight to this view. Thus
while available data indicate that the red antenna forms have
unusually large reorganization values with respect to non-
red-shifted antenna chlorophylls, to date the different ap-
proaches used are not in full agreement as to the exact values.
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