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ABSTRACT: We have employed absorption, circular dichroism (CD), and persistent spectral hole-burning
measurements at 1.7 K to study the photoconversion properties and exciton coupling of low-energy
chlorophylls (Chls) in the CP43 proximal antenna light-harvesting subunit of photosystem II (PSII) isolated
from spinach. These∼683 nm states act as traps for excitation energy in isolated CP43. They “bleach”
at 683 nm upon illumination and photoconvert to a form absorbing in the range∼660-680 nm. We
present new data that show the changes in the CD spectrum due to the photoconversion process. These
changes occur in parallel with those in absorption, providing evidence that the feature undergoing the
apparent bleach is a component of a weakly exciton-coupled system. From our photoconversion difference
spectra, we assign four states in the Chl long-wavelength region of CP43, two of which are the known
trap states and are both highly localized on single Chls. The other two states are associated with weak
exciton coupling (maximally∼50 cm-1) to one of these traps. We propose a mechanism for photoconversion
that involves Chl-protein hydrogen bonding. New hole-burning data are presented that indicate this
mechanism is distinct to that for narrow-band spectral hole burning in CP43. We discuss the photophysical
behavior of the Chl trap states inisolatedCP43 compared to their behavior inintact PSII preparations.
The latter represent a more intact, physiological complex, and we find no clear evidence that they exhibit
the photoconversion process reported here.

Proximal Antenna Subunits of Photosystem II.Photosystem
II (PSII)1 is a Chl-containing, transmembrane, multisubunit
protein complex responsible for photocatalyzing water oxida-
tion and plastoquinone reduction. The Chl-containing proxi-
mal antenna proteins CP43 and CP47 mediate the transfer
of excitation energy from the main light-harvesting antenna
assemblies of PSII to the reaction center, where light-induced
charge separation and subsequent redox chemistry occur. By
appropriate detergent treatments, PSII can be prepared as
either membrane-bound or detergent-solubilized forms (1-
4). The minimal PSII preparation capable of oxygen evolu-
tion is a PSII core complex, containing the CP43 and CP47
antenna subunits and the D1 and D2 proteins binding the
redox components of the reaction center, as well as the
cytochromeb559 subunit, the Mn-containing oxygen-evolving
system, and other smaller proteins. CP43 and CP47 are

closely associated with the D1-D2 reaction center proteins
(5-10). As well as a light-harvesting functionality, the
proximal antennae may have significance in stabilizing the
oxygen-evolving site (11).

Spectroscopic studies of PSII to assess structure and
function properties have received significant attention in the
past 2 decades (see refs12-18and references cited therein).
Recent medium-resolution X-ray crystallographic studies (5-
10) have identified the position and relative orientations of
Chl pigments in a cyanobacterial PSII core complex. In core
complexes ofThermosynechococcus elongatus, 13 and 16
regions of electron density have been assigned to Chla in
CP43 and CP47, respectively, while 14 Chla have been
identified in CP43 ofThermosynechococcusVulcanus(6).
Chl a in the proximal antennae are quite well described as
being in layers on the stromal and lumenal sides of the
membrane (5-9, 19). Natively, PSII occurs as a homodimer
where the two monomers are related by a pseudo-C2 rotation
axis located perpendicular to the membrane plane. The close
association of the CP47 subunit with the D1-D2 proteins is
near the interface of the two monomers in the homodimer.
CP43 has a more peripheral location in PSII than CP47 and
is known (11, 20) to be much easier to remove from a PSII
core than CP47.

In plants, CP43 may be involved with energy transfer from
both the minor antenna protein, CP26, and the main light-
harvesting protein, LHCII, to the reaction center (21, 22).
CP47 apparently plays a greater structural role in the
dimerization of a PSII core while potentially acting as a
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conduit for energy transfer from the minor antennae proteins
CP29 and CP24 (21, 22). By isolating the Chl-containing
protein subunits of PSII and studying them spectroscopically,
various groups have successfully elucidated particular energy-
transfer pathways and their time scales. However, there are
key aspects of the energy-transfer pathway that remain
controversial, in particular the final step of excitation transfer
from the proximal antennae to the reaction center Chls (13-
15, 18, 23-40). This step is emerging as a significant feature
of models for energy equilibration and charge separation in
PSII (13, 15, 23, 24, 26, 27, 34-36, 39-44), and it is
therefore important to characterize and understand the
behavior of the lowest energy Chl states in the proximal
antenna proteins.

The Trap Chlorophylls in Isolated CP43.There is a well-
known (20, 38, 45-47) long-wavelength feature at∼683
nm in the absorption spectrum of isolated CP43, and the Chl
states associated with this shoulder are known to trap
excitation energy in the isolated subunit (38, 45, 47). The
long-wavelength states in CP43 have commonly been thought
to extend to lower energy than that of the primary electron
donor in PSII (∼680-683 nm) and therefore act as a trap
for excitation at low temperatures in oxygen-evolving PSII.
A large body of work on isolated CP43/CP47 antenna
subunits, D1-D2-cytb559, and CP47-D1-D2-cytb559 prepara-
tions has been modeled to suggest that the “linker” Chls in
PSII are in equilibrium with the reaction center Chl and are
not those Chls that act as traps in the isolated CP43/CP47
subunits (13, 15, 23, 24, 26, 27, 34-36, 39-43). In the
reversible radical pair model for primary charge separation
in PSII there is a rapid equilibration of excitation between
the proximal antennae and the PSII reaction center.

Our assignment (14, 28-32, 48, 49) of the linker Chls at
low temperature (<10 K) in oxygen-evolving PSII prepara-
tions is different to what has often been assumed and/or
modeled at higher temperatures. We have shown (31, 50)
via illumination-induced electrochromism at 1.7 K in dark-
adapted spinach PSII core complexes that excitation in the
wavelength region 695-730 nm leads to primary charge
separation and subsequent formation of the S1QA

- config-
uration. With illumination in the 690-700 nm range, QA-

formation occurs with high quantum efficiency (1-0.1) in
a large fraction of centers. The photoconversion behavior is
essentially the same as that seen with green light (31). In
conjunction with our spectral hole-burning data (14, 29, 32),
this indicates that the long-wavelength trap states in isolated
CP43 and CP47 act as “linkers” between the proximal
antennae and the reaction center Chl in oxygen-evolving PSII
at low temperatures. However, they transfer energy at a rate
that is competitive with fluorescence lifetimes. Within this
assignment, the emitting states in PSII are necessarily the
linker Chls (28). It is clear that characterization of the
behavior of the long-wavelength Chl states in the proximal
antennae becomes an important issue for understanding the
energy-transfer processes in PSII.

Spectral hole burning by Jankowiak et al. (45) at 4.2 K
and fluorescence lin narrowing (FLN) at 5 K by Groot et al.
(47) have shown that in isolated CP43 there exist two long
wavelength Chl states that act as traps for excitation energy
at low temperatures. The states were labeled A (683.3 nm)
and B (683.0 nm) by Jankowiak et al. (45), with fwhm ∼120
and∼45 cm-1, respectively. The B-state was thought to be

the primary trap for excitation energy in isolated CP43 and
was therefore suggested by Jankowiak et al. (45) to be
important for transferring excitation energy to the reaction
center. The premise for the assignment by Jankowiak et al.
(45) of the B-state as the primary trap for excitation in CP43
is addressed in the present work. We suggest that both the
A- and B-states can be equally effective traps for excitation
energy in isolated CP43 and hence equally effective as
energy-transfer linkers to the reaction center in more intact
PSII preparations.

Jankowiak et al. (45) determined that the A- and-B states
both undergo persistent nonphotochemical spectral hole
burning (NPHB) with comparable efficiencies, on the basis
of their contribution to the zero-phonon hole-burning action
spectrum and their comparable radiative lifetimes. A narrow
“bleach” (∼45 cm-1 fwhm) in the absorption difference
spectrum that is associated with photoconversion of the
B-state is observed following hole burning at wavelengths
greater than∼680 nm (45, 46). The photoconversion of the
A-state is less efficient than the B-state and results in a
broader (∼120 cm-1) contribution to the absorption differ-
ence spectrum (45). These absorption changes have been
associated with the NPHB process (45). We have reported
(46) that the B-state depletion could be induced via white-
light illumination, suggesting that it is distinct from the
narrow-band hole-burning process. In this work we particu-
larly address the distinction between NPHB and photocon-
version processes, in addition to the efficiencies of photo-
conversion for the A- and B-states. This distinction is
significant, as broad features in NPHB spectra for many
Chl-protein systems have often been discussed in terms of
the electronic coupling between exciton-coupled chro-
mophores (51-54).

Exciton Coupling in the Isolated CP43 Subunit.The 77
K triplet-minus-singlet absorption difference (T- S) spectra
of Groot et al. (47) provide evidence for exciton coupling
between the Chls in isolated CP43 associated with the long-
wavelength absorption region. T- S spectra are referred to
as triplet bottleneck hole-burning spectra by Jankowiak et
al. (45). The presence of intense features in the circular
dichroism (CD) spectrum and an anomalously low Stark
effect were both used (47) as further evidence for exciton
coupling in CP43. Jankowiak et al. (45) and Groot et al.
(47) both suggested that the narrow (B) state is only weakly
coupled to other Chl pigments and that the B-state excitation
is strongly localized on a single Chl. Jankowiak et al. (45)
suggested that the A-state is strongly localized on a single
Chl located in the other Chla layer (see above) to that in
which the B-state Chl resides.

Groot et al. (47) have suggested that the broader state in
the long-wavelength region is due to several excitonically
coupled Chls. This was supported (38) by Monte Carlo
modeling studies based on the 3.8 Å resolution crystal
structure of a PSII core complex (5). However, the B-state
could not be accounted for, and it was suggested that the
origin of the red shift of the B-state may not be excitonic.

One aim of the present study was to investigate the
photoconversion properties of long-wavelength Chl pigments
in the isolated CP43 subunit with regard to the nature of
these long-wavelength states. In our novel approach, we
utilize changes in the circular dichroism spectrum ac-
companying photoconversion of isolated CP43 to clearly
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identify the presence of exciton coupling in long-wavelength
trap states. By adopting the assignment (14, 28-32, 48, 49)
that the trap Chls in the isolated CP43 subunit become linker
Chls in oxygen-evolving PSII at low temperatures, we expect
that their photophysical behavior in the assembled system
might be significantly different. This possibility is briefly
discussed.

METHODS

Biochemical Samples and Optical Spectroscopy.Isolation
of CP43 subunits from spinach was performed as described
elsewhere (20, 45). All subsequent sample handling was
performed under dim green light. For optical spectroscopy,
samples were diluted with 40-45% 1:1 ethylene glycol/
glycerol glassing agent and placed in an∼0.2 mm path-
length quartz-windowed cell assembly. This achieved an
optical density in the Chl Qy region of∼1. The cell assembly
was attached to the sample rod and lowered into an Oxford
Instruments SM4 cryostat, where cooling to 4 K occurred
over a period of∼40 s. All optical measurements were
performed in superfluid liquid helium at 1.7 K. Absorption
and circular dichroism measurements were made simulta-
neously on an instrument constructed in our laboratory that
has previously been described (55). The same instrument was
used for measuring the pre- and postburn absorption spectra
for the hole-burning measurements, as well as for the pre-
and postillumination absorption spectra for the nonresonantly
excited photoconversion measurements. Control absorption
measurements were routinely performed to ensure that no
net reduction of the integrated absorption associated with
Chl had occurred. For all illuminations in this report, minimal
permanent depletion of integrated absorption in the Chl Qy

region (<0.5% of the area corresponding to 1 Chl) was
observed.

Illumination Sources.Non-wavelength-selective photo-
conversions (i.e., those not leading to NPHB) were performed
with one of three difference excitation sources. The first two
used a 150 W halogen lamp passed through a 10 cm water
bath and a filter stack. The filter stack was chosen so as to
pass either green light (540 nm peak transmission, fwhm
∼50 nm) or orange light (595 nm peak transmission, fwhm
∼50 nm), and both produced∼4 mW/cm2 at the sample.
The third excitation source was the 488 nm line from a
Spectra Physics model 165 Ar* ion laser, focused to∼0.1-1
J/cm2 at the sample. The 488 nm line was chosen to avoid
NPHB in the Chl pigments while allowing for greater
absorbed fluences at the sample.

Spectral holes were burned using a Spectra Physics model
375 dye laser operating with DCM dye, pumped by a Spectra
Physics model 171 Ar* ion laser. A three-plate birefringent
filter was used for wavelength selection. The line width of
the dye laser matched the resolution of the monochromator
(∼1.5 cm-1) used for pre- and postburn readout of absorption
spectra, as described above. The fluence used for hole
burning was 30-50 mW/cm2.

RESULTS

PhotoconVersion-Induced CP43 Absorption Changes.Ab-
sorption difference spectra of the Chla Qy region of isolated
CP43 at 1.7 K, showing the changes that occur due to
illumination with 488 nm light (155 mW/cm2), are seen in

Figure 1. These spectra show the photoconversion of long-
wavelength Chla in CP43. The thick trace is the absorption
spectrum at 1.7 K prior to any illumination and agrees well
with that previously reported at low temperature (45-47).
The absorption depletion near∼683 nm aligns with the
prominent long-wavelength absorption feature. The photo-
product distribution associated with the photoconversion is
in the 660-680 nm range, as indicated in Figure 1 by the
shaded region. These phenomena are consistent with our
previous preliminary report (46).

The photoproduct distribution has broad maxima at∼668
and∼677 nm and a minimum at∼673 nm. There is some
finer structure associated with these broad features that we
do not discuss in detail. The area of the∼668 nm feature
increases relative to the∼677 nm feature for difference
spectra obtained after illumination with greater fluence
(Figure 1). We attribute the∼668 and∼677 nm systems to
two different photoproduct distributions.

There is a clear negative feature in the difference spectrum
at ∼680 nm. There is also a broader negative contribution
to the absorption difference spectra at wavelengths longer
than ∼686 nm (Figures 1 and 2). Jankowiak et al. (45)
suggested that the depletion in this region is partly due to
aggregation phenomena, based on its dependence on deter-
gent concentration. For the difference spectra obtained with
lower fluence (e.g., Figure 1, traces a and b) this feature is
easier to identify than in the higher fluence traces (e.g., Figure
1, traces c and d). Further details of this phenomenon are
presented in Figure 2.

Absorption difference spectra of the∼683 nm depletion
feature obtained upon illumination with 8.5 J/cm2 using a
lamp plus orange filter stack and with 540 J/cm2 using the
488 nm line from an Ar* ion laser are shown in Figure 2. In

FIGURE 1: Absorption spectrum in the Chla Qy region at 1.7 K of
CP43 isolated from spinach prior to any illumination (thick trace).
The thin traces (a-d) are the absorption difference spectra following
illumination at 488 nm with 9.3, 27.9, 93, and 139.5 J/cm2,
respectively. The absorption difference spectrum is the absorption
spectrum measured after illumination minus that measured before
illumination. Traces b-d have been offset for clarity. The shaded
region shows the photoproduct distribution associated with the
absorption depletion near 683 nm. The asterisk identifies the region
where using higher illumination fluences leads to a greater
contribution from a broad feature (see text for details).
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each case the preillumination absorption spectrum is the same
as that in Figure 1. The top trace (Figure 2) has been
multiplied by a factor of 5. For higher fluence illuminations
resulting in larger absorption depletion, the peak position in
the absorption difference spectrum undergoes a slight red
shift from 683.0 to 683.3 nm. In addition, at higher absorbed
fluences the spectra show that the depletion at wavelengths
longer than∼686 nm is dominated by a contribution from a
broader state, as suggested above. Photoconversion of the
broader state is less efficient than that of the dominant
(narrow)∼683 nm state. The contribution from the broader
state is distinct from the changes associated with aggregation
phenomena. The bleach due to aggregation phenomena is
only evident in difference spectra obtained at fluences less
than∼10 J/cm2 at 488 nm (Figures 1 and 2).

The broadening of the absorption depletion for the high-
fluence spectrum compared to the low-fluence spectrum is
attributed to photoconversion of the A-state occurring in
addition to that of the B-state. The shift of the peak
wavelength of the depletion may be due to the contribution
from the A-state or to selectivity in the photoconversion
process (see Discussion). In 4.2 K hole-burning measure-
ments with excitation at 670 nm using 200 mW/cm2 for 75
min (900 J/cm2), Jankowiak et al. (45) also reported a
broadening of the∼683 nm depletion feature. At the highest
illumination fluences we utilized, the area of the depletion
at∼683 nm corresponded to∼0.1 Chl. The balance between
photoproduct and depletion areas established that there was
no significant loss of Chl absorption strength and conse-
quently no permanent Chl oxidation or photodegradation.
In the Discussion section we quantify the contributions from
the A- and B-states in the absorption spectra.

We estimated the quantum efficiency of photoconversion
in a manner analogous to that for hole-burning quantum
efficiencies (14, 56) and find that it is initially of the order

∼10-5. The quantum efficiency is estimated by the ratio of
absorbing centers that have photoconverted, monitored by
the depletion area, to the number of absorbed photons. The
growth kinetics of photoconversion is dispersive, exhibiting
a decreasing efficiency as a function of increasing illumina-
tion fluence (data not shown).

In this work we found that the photoconverted state is
metastable at 1.7 K, exhibiting<10% decay of the difference
spectrum over a period of 1 h. The photoconversion is>95%
reversible by thermal cycling to∼70 K for 10 min. Also,
the measurement light from the monochromator did not
induce any detectable photoconversion of the sample.

Competition between Spectral Hole Burning and Photo-
conVersion.For narrow-band (e.g., laser) excitation that is
resonant with the Chla Qy region of the A- and B-states,
spectral hole burning and photoconversion occur concomi-
tantly (45, 46). Spectral hole burning gives rise to a sharp
zero-phonon hole (ZPH) that is resonant with the laser burn
wavelength (λB) and a broader pseudo-phonon sideband hole
(pseudo-PSBH) structure to lower energy (57-59). Hole-
burning spectra are the difference of absorption measured
after narrow-band illumination minus the absorption spectrum
measured before illumination. When the electron-phonon
coupling is weak, as for the long-wavelength Chla in CP43
(45-47), the real PSBH which is situated at higher energy
than the ZPH is not apparent.

A survey of saturated persistent nonphotochemical spectral
holes (thin traces) burned at 1.7 K in the∼679-686 nm
wavelength region of isolated CP43 is shown in Figure 3.
The preburn absorption spectrum (thick gray trace) is also
presented for comparison. Each hole was burned in a sample
that had been annealed to∼100 K for ∼10 min. This
procedure recovers photoconverted Chl and also fills in any

FIGURE 2: Absorption difference spectrum after illumination with
8.5 J/cm2 using a lamp plus orange filter stack (top trace) and with
540 J/cm2 using the 488 nm line from an Ar* ion laser (bottom
trace). The top trace has been multiplied by a factor of 5. The
preillumination absorption spectrum is the same as that shown in
Figure 1. At lower fluences the depletion is dominated by a single,
sharp feature assigned to the B-state (top trace), while at higher
fluences the contribution from the B-state as well as a broad feature
assigned to the A-state is apparent (see text for assignment details).
The small relatively sharp feature indicated by the asterisk is
attributed to aggregation phenomena (see text for details).

FIGURE 3: Saturated nonphotochemical persistent spectral holes
burned at 1.7 K in isolated CP43. The thick gray trace is the preburn
absorption spectrum. The sharp negative features are the ZPHs,
which are resonant with the laser burn wavelength. The sharp
positive features immediately adjacent to the ZPHs are the
photoproduct. The light shaded region indicates the pseudo-PSBH,
while the dark shaded region indicates the contribution from the
non-wavelength-selective photoconversion. The hole-burned spectra,
from top to bottom, were obtained after using burn fluences of 24,
27, 18, 9, 9, 18, and 36 J/cm2, respectively.
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spectral holes that had been previously burnt. The hole-
burned spectra presented in Figure 3 contain contributions
from the non-wavelength-selective process as well as the
features associated with NPHB. The hole-burned structure
is evident in Figure 3 by the sharp, narrow negative feature
(ZPH) and the pseudo-PSBH to lower energy indicated by
the lightly shaded region. The darker shaded region indicates
the contribution from the non-wavelength-selective photo-
conversion. The pseudo-PSBH structure exhibits two re-
solved features found at-15 and-24 cm-1 from the ZPH,
which has been associated (46) with phonon sidebands of
the A- and B-states, respectively. A detailed discussion of
the pseudo-PSBH structure is beyond the scope of the present
report.

For excitation atλB <680 nm, in addition to the hole-
burning feature, the B-state photoconversion (45, 46) deple-
tion becomes evident and is centered at∼683.2 nm with
fwhm ∼45-50 cm-1 (Figure 3). For excitation atλB >680
nm, the B-state photoconversion feature is attenuated, and
the spectrum is dominated by features attributable to hole
burning. As an example, for excitation at 681.0 nm a ZPH
and pseudo-PSBH are observed, butonly the Chls contribut-
ing to the longer wavelength region of the B-state are
depleted (Figure 3). This suggests that the dominant process
upon direct excitation of the A- and B-states is hole burning,
and the non-wavelength-selective photoconversion is less
efficient. For hole burning at progressively longer wave-
lengths, the contribution from the photoconversion feature
becomes less evident (dark shaded regions in Figure 3) and
lies outside the∼45-50 cm-1 width of the B-state feature,
consistent with the additional photoconversion arising from
the A-state.

Photoproduct Distributions.Immediately adjacent to the
resonant ZPH is the hole-burning photoproduct, identified
as a relatively sharp positive feature(s) (Figure 3). For holes
burned at longer wavelengths (684-686 nm) the photoprod-
uct distribution is predominantly to the blue of the resonant

hole, and for holes burned at shorter wavelengths (679-
681 nm) it is to the red. For hole burning at intermediate
wavelengths (681-684 nm) the photoproduct is distributed
approximately equally on either side of the resonant hole.
This behavior is characteristic of the NPHB process (57, 58)
where absorption associated with a photoproduct lies within
the inhomogeneous distribution of the state being burned.

The photoproduct that is associated with the non-
wavelength-selective photoconversion lies well outside the
inhomogeneous distribution of long-wavelength Chla states
but within the Qy distribution of CP43 Chls (Figures 1, 3,
and 4). Figure 4 shows that the photoproduct of this
photoconversion (dark shaded region) is clearly distinct from
the NPHB photoproduct (light shaded region). The sharp
ZPH resonant with the burn wavelength (λB ) 683 nm) has
been truncated in Figure 4. This hole was burnedafter the
non-wavelength-selective photoconversion shown in Figure
4 in order to obtain a hole-burning spectrum with minimal
contribution from the former process. In this difference
spectrum there is minimal further depletion and associated
photoproduct due to the non-wavelength-selective photo-
conversion. The NPHB process dominates features in the
low-energy region.

PhotoconVersion-Induced Circular Dichroism Changes.
The non-wavelength-selective depletion feature corresponds
well to the strong negative component in the circular
dichroism (CD) spectrum. This can be seen in Figure 5 where
the absorption and CD spectra of CP43 at 1.7 K are presented
(thick traces), as well as the absorption difference spectrum
obtained after 540 J/cm2 illumination at 488 nm (thin trace).
The CD spectrum agrees with that previously reported by
Groot et al. (47) at 77 K. It is interesting to note that the
weaker feature identified in the absorption difference spectra
at∼680 aligns quite well with the sharp positive CD feature
near∼680 nm. The∼683 and∼680 nm features can be
assigned as components of an exciton-coupled system and
will be considered in more detail below. The majority of

FIGURE 4: Comparison of the non-wavelength-selective photoconversion absorption difference spectra obtained at 1.7 K with 270 J/cm2 of
488 nm light (900 mW/cm2, 5 min, bottom thin trace) and a saturated persistent spectral hole burned at 683.0 nm with 9 J/cm2 also at 1.7
K (150 mW/cm2, 1 min, top thin trace). The spectral hole was burned after the 488 nm illumination. The absorption spectrum prior to any
illuminations is also shown for comparison (thick trace). The dark shaded area indicates photoproduct associated with non-wavelength-
selective photoconverison, which is distinct to that associated with narrow-band NPHB (light shaded area). The sharp ZPH has been truncated
for clarity, and the NPHB spectrum has been offset for clarity.
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the intensity of the strong negative CD feature near 683 nm
is associated with the B-state. This is clear from a comparison
of the CD spectrum and the non-wavelength-selective
absorption difference spectrum in the region of the shoulder
associated with the A-state. This assignment of the 683 nm
CD feature as mainly associated with the narrow (B) state
is consistent with the suggestion by Groot et al. (47).

The changes in CD due to photoconversion at 1.7 K occur
in parallel with those seen in absorption. Figure 6 shows a
fluence dependence of changes observed in the CD spectrum
of the Chla Qy region after photoconversion using 488 nm
excitation (thin traces, a-d). The CD spectrum prior to any
illuminations is also shown for comparison (thick trace). All
CD and absorption spectra were measured simultaneously
(see Methods), and the fluence dependence of the CD
changes shown in Figure 6 was measured concurrently with
that for the absorption changes shown in Figure 1. The CD
difference spectrum (δCD in Figure 6) is conservative, with

the integrated change in CD being zero. This is consistent
with the conservative absorption difference spectrum (see
above) showing no Chla oxidation or photodegradation. The
δCD spectrum is the change in CD associated with photo-
conversion and represents the loss of CD of the initial form
of the photoconverted pigments. Unlike the absorption
difference spectra, there is no evidence for a significant CD
associated with the photoproduct.

Monomeric Chla exhibits only a weak negative CD signal
in the Qy region (60, 61), with ∆ε ) -14 M-1 cm-1 at room
temperature in ether (61). By comparison,∆ε (scaled per
CP43) at 679.8 and 683.1 nm in Figures 5 and 6) are+2300
and-3500 M-1 cm-1, respectively. This is consistent with
their assignment to components of a coupled system, as
exciton coupling can induce CD far larger than due to
monomeric Chla contributions (62, 63). The CD induced
by this mechanism is however conservative. Quantification
of the features in the CD difference spectra is provided in
the Discussion section.

The δCD spectrum is simpler than the CD spectrum and
is dominated by changes in the long-wavelength region where
the non-wavelength-selective absorption depletion occurs.
The positive δCD feature peaking at 683.8 nm can be
associated with a loss of exciton CD of the B-state. The (-)
exciton CD of the B-state is due to coupling with an exciton
partner, which gives rise to the (+) CD peak for this partner
at 681.0 nm. The presence of such a B-state partner is
indicated by a depletion feature in the absorption difference
spectrum of Figure 5 at∼680 nm. There are clearly features
in the CD spectrum of CP43 in the 660-680 nm region
which are not represented in theδCD spectrum, and we
associate these with other exciton-coupled pigments in CP43
not associated with the states that undergo photoconversion.
Overlap of these states with that giving rise to theδCD
feature at 681.0 nm may be responsible for the difference in
this position and the position of the CD feature at 679.8 nm.
A detailed assignment of the long-wavelength states is
provided in the Discussion.

DISCUSSION

Assignment of the Long-WaVelength Chl a States in CP43.
In this section we consider the assignment of the long-
wavelength states in isolated CP43 based on absorption and
CD photoconversion difference spectra. The CD spectrum
indicates significant exciton coupling among the long-
wavelength Chla state(s) [see the Results section and Groot
et al. (47)], and we use this to guide a global fit to CD
difference spectra. Our assignments are then related to those
made by Jankowiak et al. (45) and Groot et al. (47).

A minimal description of the CD difference spectrum
requires three Gaussian bands. In particular, one broad band
and one sharp band cannot describe the CD difference
spectrum. We performed a global fit of the four CD
difference spectra in Figure 6, with the positions and widths
of the Gaussians used as global parameters. With no
constraints imposed in the fit, there is strong correlation
between the fwhm, position, and areas of two of the Gaussian
bands. Weak correlation was observed between the param-
eters of the third component and those of the other two
Gaussians. The fwhm and area for the two strongly correlated
Gaussians were found to be quite similar, as might be

FIGURE 5: Comparison of the 1.7 K CP43 CD spectrum (top
section) and photoconversion absorption difference spectra obtained
at 1.7 K with 900 mW/cm2 of 488 nm light for 10 min (bottom
section). The dotted vertical gray lines indicate features associated
with exciton-coupled components (see text for assignment). The
asterisk indicates the contribution from the (broad) A-state.

FIGURE 6: Traces a-d present the changes in the 1.7 K CP43 CD
spectrum (trace e, thick trace) after illumination with 488 nm light.
Traces b-d have been offset for clarity. These spectra were obtained
simultaneously with those in Figure 1, and the fluences used are
therefore the same. The CD difference spectra are representative
of the exciton CD of the coupled system associated with the B-state
(see text for details).
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expected if they represent components of an exciton-coupled
system. As a first-order approximation we therefore con-
strained these two widths to be the same and described the
area of the second Gaussian as area2 ) f(area1), wheref was
used as a global parameter in the fit. The requirement of
area1 ) area2 resulted in a poor fit.

The constrained global fit to the CD difference spectrum
and the associated residuals are shown in Figure 7, while
the fit parameters are given in Table 1. The fit places the
two correlated states identified as (1) and (2) in Table 1 at
14650( 55 cm-1 (682.7( 2.5 nm) and 14670( 45 cm-1

(681.7 ( 2.1 nm) with fwhm) 70 ( 15 cm-1. A sharp
feature peaking near∼680 nm was also found in the
absorption difference spectrum (Figure 5), which is consistent
with these two sharp features, (1) and (2), being components
of an exciton-coupled system. The relatively large errors are
due to the considerable correlation between the two sharp
components, as discussed above.

From the error values it may appear that both bands 1
and 2 can be at the same energy at the same time and
therefore cancel. However, from the data this is clearly not
the case, and this feature of the error values is a consequence
of the correlation between the two bands. In the fits, band 1
is always at lower energy than band 2. If the band positions
vary within the errors from the fit values (682.7( 2.5 and
681.7 ( 2.1), they do so in a correlated fashion, and the
widths vary accordingly (70( 15 cm-1) to produce a good
fit. Such a variation in our parameters from the global fit to
the CD difference spectra can be rationalized by considering
that within the B-state inhomogeneous distribution there may
be a variation of photoconversion efficiencies (see the section
Widths of the A- and B-States). This may lead to slight
variations in the positions and widths of the features in the

photoconversion difference spectra that are obtained using
different illumination fluences.

The value off ) -1.3( 0.7 suggests that a simple exciton
dimer representation of these two states may be inadequate.
The magnitude off is consistent with the major exciton
interaction being dimeric; however, other interactions are
probably significant. Nonresonant interactions (between Qy

and Qx) of a dimer (64, 65) cannot provide an explanation
for a nonunity f-value because the Qx region displays no
significant CD signal (data not shown), and the entire Qy

region is conservative.
The third component [(3) in Table 1] in the fit is at 14780

( 10 cm-1 (676.6( 0.5 nm) with fwhm) 180( 15 cm-1

and most likely represents a higher energy state of the exciton
system associated with the two sharp bands 1 and 2.
Alternatively, it could represent intensity due to coupling of
the electronic transition to a relatively high-frequency phonon
mode (∼100-130 cm-1), as recently suggested for a water-
soluble single-Chl-binding protein (60). We consider this
unlikely in the present work, as this vibrational transition
would need to have a different polarization compared to the
electronic origin upon which it is built in order to explain
the CD spectrum. This could not occur for a phonon mode
coupled in the usual Franck-Condon manner to the elec-
tronic transition. Band 1 found in the global fit to the CD
difference spectra (682.7( 2.5 nm, fwhm) 70 ( 15 cm-1)
is associated with the B-state assigned by Jankowiak et al.
(45) (683.0 nm, fwhm) 45 cm-1). The differences in the
widths seen between our work and the previous assignment
by Jankowiak et al. (45) are addressed in a following section.

For an isolated band, the rotational strength can be
determined by integration of the CD spectrum (66):

whereR is the rotational strength in Debye-Bohr magneton,
∆ε is the difference absorption extinction coefficient (M-1

cm-1), and ν is energy (cm-1). The magnitude of the
rotational strength for the individual bands determined from
the Gaussian fit to the CD difference spectra is larger than
the CD attributable to monomeric Chla (60, 61). As an
example, for trace d in Figures 1, 6, and 7, the area of the
absorption bleach (∼683 nm feature) corresponds to∼0.1
Chl a while the rotational strengths for the bands 1-3 (trace
d, Figures 6 and 7) are+1.2,-1.5, and-0.3 Debye-Bohr
magneton, respectively. The rotational strength for mono-
meric Chla is in the range-0.08 to-0.094 Debye-Bohr
magneton (60, 61). This shows that the features in the CD
difference spectrum cannot readily be attributed to the
intrinsic monomeric CD of Chla.

Pigment-protein interactions (64) might contribute to
significant variations from a nominal monomeric magnitude
of Chl a CD. However, to our knowledge no satisfactory
theoretical or phenomenological description of such changes
exists. We recently studied (60) a system that binds only
two Chl a molecules in a well-defined native protein
environment and found that the intrinsic monomeric CD was
not altered significantly from its value in ether. This result
provides support for the suggestion that exciton coupling is
responsible for the CD of the long-wavelength Chla of CP43
and that the photoconversion process results in disruption
of this exciton coupling.

FIGURE 7: The global fit (gray traces) to the CD difference spectra
(black traces, a-d) of CP43. The residuals of the fit are presented
in the top section. See text for details.

Table 1: Long-Wavelength Chla States in Isolated CP43

band
position

(nm)
position
(cm-1)

fwhm
(cm-1)

(1) B-state 682.7( 2.5 14650( 55 70( 15
(2) B-state exciton partner 681.7( 2.1 14670( 45 70( 15
(3) B-state exciton partner 676.6( 0.5 14780( 10 180( 15
(4) A-state 683.0( 0.3 14640( 7 170( 30

R ) 0.247∫∆ε/ν dν (1)
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In the Results section we established that photoconversion
of the (broad) A-state that is less efficient than for the
(narrow) B-state, in agreement with Jankowiak et al. (45).
In our attempts to fit the long-wavelength portion of our
photoconversion absorption difference spectra, we found an
increasing contribution from the A-state (683.0( 0.3 nm,
fwhm ) 170 ( 30 cm-1) as a function of illumination
fluence (Figure 1), relative to the B-state. For illumination
fluences>200 J/cm2 the relative areas of the A- and B-states
were comparable. The B-state position and width correspond
to band 1 in Table 1 from the global fit to the CD difference
spectrum, and the A-state is band 4. The discrepancy in the
width of the A-state assigned by Jankowiak et al. (45) (fwhm
) 120 cm-1) and our finding (170( 30 cm-1) is addressed
in a following section.

Absorption Strengths of the Long-WaVelength States.In
this section we address the question of how to accommodate
the four long-wavelength states we have identified through
CD and photoconversion data to the absorption spectrum of
CP43. The contribution of these states to the structure near
683 nm in CP43 is significant as the prominent feature at
∼683.5 nm in PSII core complexes isolated from spinach
has been associated with P680 as well as CP43 (4, 14, 32,
48, 49, 67-70). Previously (47, 71) this feature was
attributed entirely to CP43.

Attempts to fit the absorption, CD, or absorption difference
spectra with an arbitrary number of Gaussian bands were
not meaningful. The correlation matrix for such fits revealed
that many of the parameters were strongly correlated. Our
approach is to use the four bands identified from the
photoconversion difference spectra (Table 1) as a minimal
description for the long-wavelength region of the absorption
spectrum. This procedure provides anupper limit for the
absorption intensity that may be assigned to these bands,
since it does not account for absorption intensity in this
region due to the tail of bands from states at higher energy
or other bands present. We limit our approach to the use of
Gaussians to describe the shape of the individual absorption
bands. Another approach might use a more general descrip-
tion of the band shape (72, 73) or spectral broadening effects
that are due to interacting pigments, where the band shape
in CD may be expected to be narrower than in absorption
(74).

The long-wavelength region of the CP43 absorption
spectrum can be described well with the four states assigned
from the photoconversion difference spectra when we let the
positions and widths vary only within the error values (Table
1). The A-state at 683.0( 0.3 nm (fwhm) 170( 30 cm-1)
must be included to account for the absorption at wavelengths
longer than 686 nm. The width of this state cannot be
constrained to the value used by Jankowiak et al. (45) (i.e.,
120 cm-1) and still provide a good description of the
absorption at wavelengths longer than 686 nm.

It is not possible to constrain the areas of each Gaussian
to be equivalent to 1 Chla and reproduce the long-
wavelength region of the absorption spectrum. If thesumof
the areas for the bands 1-3 is constrained to equal 3 Chla,
and the area of the A-state is not constrained, the long-
wavelength absorption region is described well. The result
of this fit is shown in Figure 8.

The constraint that the sum of the areas for bands 1-3 is
equal to 3 Chla is consistent with these bands being the

components of an exciton-coupled system, as determined
from the CD difference spectrum. The area of the A-state
(band 4 in Figure 8) is less than 1 Chla. This is consistent
with the interpretation (45, 47) that it is coupled excitonically
to other Chla, since this provides a mechanism for intensity
redistribution to other states. Alternatively, our use of
Gaussian band shapes rather than a full electronic-vibrational
profile (60, 72, 73) may explain why an intensity of<1 Chl
a is obtained. Jankowiak et al. (45) also suggested a similar
explanation. Jankowiak et al. (45) estimated that the com-
bined contribution of the A- and B-states was 1.7( 0.2 Chl
a, in full agreement with our present analysis.

Widths of the A- and B-States.Jankowiak et al. (45) found
the width of the A-state to be 120 cm-1 based on an analysis
of the T- S spectra. These triplet bleaches were argued to
be entirely due to the A-state. However, using the widths
and positions of the A- and B-states in Table 1, we were
able to fit the T- S data in Figure 3 of Jankowiak et al.
(45) quantitatively with a∼25% contribution from the
B-state (see Supporting Information). Groot et al. (47) have
reported that the long-wavelength Chla of CP43 have triplet
lifetimes of ∼0.6 and∼2.7 ms. A 25% contribution of the
B-state to the T- S spectra is consistent with the B-state
having the shorter lifetime.

The width of the B-state was measured to be 45 cm-1 by
Jankowiak et al. (45) from the width of the depletion feature
at ∼683 nm after illumination at low fluence. We have
assigned the width of the B-state as 70( 15 cm-1 from the
fit of spectral changes obtained after high fluence illumina-
tion. The data in Figure 2 show that the width of the depletion
taken at low fluences is∼45 cm-1, in full agreement with
the data of Jankowiak et al. (45). We suggest that the Chls
with higher photoconversion efficiencies, and thus selectively
photoconverted at lower fluences, have their B-state excita-
tion energies in a narrower distribution compared to the full
inhomogeneous spread of the B-state. The peaks of the high-
and low-fluence depletions are also at slightly different
energies, with the more efficient distribution peaking 0.3 nm
to shorter wavelengths (Figure 2).

FIGURE 8: Fit of the long-wavelength part of the 1.7 K CP43
absorption spectrum that uses Gaussian bands and the positions
and widths from Table 1 (see text for details). Bands 1 and 4 are
associated with the B- and A-states assigned by Jankowiak et al.
(45). Residual absorption in CP43 after subtraction of the four long-
wavelength states is shown by the dotted line.
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Special PhotoconVersion Mechanism in CP43.NPHB has
characteristic thermal stabilities, quantum efficiencies, and
dispersive kinetics (58). NPHB requires the selection of a
subset of an inhomogeneous distribution of chromophores
by a narrow-band excitation source, such as a laser. The
mechanism involves subsequent tunneling in the excited state
of the chromophore to an alternate configuration of the host
(e.g., the glass or protein), which results in a change in the
transition energy and therefore depletion in absorption at the
excitation wavelength (i.e., a spectral hole). The photoproduct
in NPHB lies within the inhomogeneous distribution of the
system. The thermal stabilities, quantum efficiencies, and
dispersive kinetics of the non-wavelength-selective photo-
conversion evident in CP43 are similar to those found for
NPHB, but the photoproduct lieswell outsidethe inhomo-
geneous distribution. This unusual characteristic requires a
special mechanism for this photoconversion in CP43.

We propose a mechanism for the non-wavelength-selective
photoconversion process involving quantum mechanical
tunneling between alternate configurations that differ in the
hydrogen bonding between protein residues and the Chl
undergoing excitation. The archetypal mechanism for NPHB
of chromophores in amorphous hosts involves small changes
of the excitation energy of the chomophore due to tunneling
of the host (glass) within two-level systems (TLSs) (52, 54,
57-59, 75).

We have previously suggested (46) a mechanism for
photoconversion in CP43 involving Chl-protein tautomer-
ization that, for example, disrupts hydrogen bonding, and
we expand on this suggestion here. The FLN spectra of Groot
et al. (47) suggested the presence of strong hydrogen bonding
of the Chl 131 CdO group of the sharp (B) state to the
protein but weaker hydrogen bonding for the broader (A)
state. Since photoconversion of the A-state has the lower
efficiency, these FLN results are consistent with the associa-
tion of hydrogen bonding with the photoconversion mech-
anism.

Hydrogen bonding of the Chl 131 CdO group to the
protein in the B-state may explain its greater efficiency of
photoconversion compared to the A-state. There will be a
smaller barrier for quantum mechanical proton tunneling in
a strong hydrogen bond, compared to a weak hydrogen bond.
Photoconversion occurs via tunneling between alternate
configurations of the CdO- - -Hsprotein hydrogen bond,
when the molecule is in the excited electronic state. The
thermal and temporal stability of the photoconverted state
reflects the larger energy barrier in the ground state compared
to the electronic excited state between the minima of the
potential surfaces describing the hydrogen bond configura-
tions.

The potential surface connecting two hydrogen bond
configurations may be described as a TLS, and therefore our
proposed mechanism bears analogy to the usual mechanism
for NPHB of guest molecules in amorphous hosts. The
distinction is that, for typical NPHB, the tunneling process
involves TLS transitions of the host (57, 58), whereas in
our case the tunneling explicitly involves a guest-host (Chl-
protein) rearrangement.

Host TLS tunneling, the usual mechanism for NPHB, is
more efficient than the Chl-protein proton tunneling sug-
gested for the special photoconversion process. NPHB
dominates the difference spectra for narrow-band excitation

that is resonant with the A- and B-states. Nonresonant
excitation will induce NPHB processes, but these will have
little consequence for the difference spectra as the photo-
product transition energies lie within the inhomogeneous
distribution. The special photoconversion process, however,
gives rise to a photoproduct lyingwell outsidethe inhomo-
geneous distribution, leading to a depletion of the A- and
B-state absorptions.

Excitation Trapping in CP43.Jankowiak et al. (45)
suggested that excitation energy is transferred primarily to
the B-state. This assignment was based on the observation
that the photoconversion efficiency of the B-state is much
higher than that of the A-state and that since the A- and
B-states have comparable NPHB efficiencies, the B-state
received a greater proportion of excitation. In this work we
have established that the photoconversion process that results
in depletion of the absorption and CD spectra isnot
associated with the NPHB process. We have attributed the
different photoconversion efficiencies for the A- and B-states
to a mechanism distinct from that for NPHB. In this
mechanism, photoconversion of the A-state is intrinsically
less efficient than for the B-state.

Jankowiak et al. (45) have suggested that the B-state was
responsible for most of the excitation energy transfer from
CP43 to the reaction center of PSII and that the A-state
played only a minor role. As excitation transfer among the
Chl of isolated CP43 is much faster than fluorescence
lifetimes (38), the lowest energy state will be responsible
for fluorescence. The peak maxima of the A- and B-states
are almost identical, with the A-state being significantly
broader. Taking the energies of the A- and B-states to be
uncorrelated, the lowest energy excitation in a collection
CP43 particles will be on an A-state Chl in∼50% of the
sample and∼50% on a B-state Chl. This is consistent with
the analysis attributing comparable amounts of emission from
both the A- and B-states (47). In light of this and our previous
assignments (14, 28, 32, 48, 49), we suggest that both the
A- and B-states in CP43 may be equally important for
transferring excitation to the reaction center, and in oxygen-
evolving PSII at low temperature they act as linker Chls.

CP43 Linkers in Oxygen-EVolVing PSII. In this work we
have studied the photophysical behavior of long-wavelength
Chl a in isolated CP43 at low temperature. In oxygen-
evolving PSII core complexes at low temperatures we have
assigned these long-wavelength Chls as the linker molecules
that connect this proximal antenna to the reaction center via
energy transfer. In a PSII core complex, the energy-transfer
times for these linkers are of the order∼70 ps at 1.7 K in
the “closed” (S1QA

-) configuration (14, 32) and most likely
faster in the “open” (S1QA) configuration (14). The photo-
conversion process in isolated CP43 occurs in the lowest
electronic excited state of the long-wavelength Chla. The
radiative lifetime of this state is∼8 ns (45). The efficiency
of the photoconversion process of the low-energy CP43 Chl
a states in PSII cores would then be expected to be lower
by a factor of∼100 (i.e., 8 ns/70 ps).

We performed experiments on PSII core complexes
isolated from spinach to identify whether the photoconversion
process seen in isolated CP43 also occurs for these low-
energy Chls in a more intact assembly. No evidence for the
occurrence of this photoconversion process in PSII core
complexes was found (data not shown). However, in addition
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to the expected decrease in the efficiency of CP43 photo-
converison (see above), such experiments are made difficult
by far more efficient processes in PSII cores associated with
photoinduced charge separation and reduction of the plas-
toquinone acceptor, QA-. Formation of metastable QA-

having lifetimes from minutes to hours occurs with high
initial efficiency of ∼0.1-1 (14, 31, 67). This results in
significant changes in the Chl absorption spectrum near∼683
nm associated with electrochromic shifts driven by the
formation of QA

- and its partnering secondary donor (14,
67). Whether the unique photoconversion process reported
here is pathological and specific to isolated CP43 or whether
it represents an inherent physiological flexibility of the Chl-
protein interaction for the CP43 low-energy states remains
an open question. If it is a distinct aspect ofisolatedCP43,
it may reflect a change in the Chl-protein interaction and/
or conformation as a consequence of the isolation procedure.

Given that the low-energy Chls in CP43 act as linkers even
at the lowest temperature, they must be within immediate
energy-transfer distance to the reaction center and are
therefore most likely to be those that are the closest. Whether
or not the low-energy CP43 Chls act as the linkers at
physiological temperatures is still a matter of debate (13,
14, 23, 24, 31, 32, 42, 44, 76). In light of this, and with
respect to our proposed photoconversion mechanism, it is
therefore interesting that, of the three Chla in CP43 [Chl41,
Chl37, and Chl44 in the notation of Loll et al. (10)] that are
closest to the reaction center pigments, only one is a likely
candidate to be involved in hydrogen bonding of the 131

CdO group to the protein. From the 3.0 Å resolution crystal
structure (10), the oxygen of the 131 CdO group of Chl41
is 4.0 Å from the phenolic oxygen atom of Tyr274.
Investigation of the existence or absence of the photocon-
version process in CP43 that has been isolated from
cyanobacteria would provide a useful aid to identifying the
linker Chls in the crystal structure.

There is a narrow, prominent absorption feature at∼683.5
nm in PSII cores prepared from spinach that carries the
intensity of∼2 Chl a (4). This absorption feature has been
attributed overlapping absorptions of a CP43 feature and a
reaction center feature (4, 14, 49, 67-69). In this work, we
have addressed the contribution from the various long-
wavelength states to the absorption in isolated CP43. Figure
9 (bottom panel) shows the relative contribution of the A-

and B-states in the long-wavelength region. The combined
contribution from both of these states is∼1.65 Chla and
represents the maximal absorption intensity attributable to
the entire long-wavelength region. The contribution from the
B-state alone is also presented (Figure 9, top panel). The
area of the B-state corresponds to∼1 Chl a, consistent with
our previous estimate for the maximum absorption intensity
associated with thesharp683 nm feature (46).

Thus, assuming that the absorption spectrum of CP43 does
not change significantly upon its removal from the PSII core,
only half of the absorption intensity of the∼683.5 nm feature
in spinach PSII core complexes can be accounted for by
CP43. The assumption that the CP43 spectrum does not
change significantly may be reasonable, given that it is the
most easily removed subunit of the PSII core complex (see
refs 11 and 20 and references cited therein), and it is also
the only subunit that retains a sharp absorption feature (at
low temperature) following its isolation from the core (68).

Exciton Coupling and the CP43 Long-WaVelength Chl a
States.In this section we discuss the exciton coupling that
may give rise to the observed long-wavelength states that
we have assigned. We do not present a detailed exciton
calculation, since this is beyond the scope of this report.

Our photoconversion CD difference spectra establish that
the B-state is the lowest energy component of an exciton-
coupled system that cannot be adequately described as a
dimer of equivalent Chls. From the CD difference spectra
we identified three exciton states in this system (bands 1, 2,
and 3 in Table 1), which establishes that there are at least
three Chl a that contribute to this three-state exciton
manifold. An intensity of less than 1 Chla (Figure 8) for
the A-state implies that it is a component of an exciton-
coupled system, although we have not identified its exciton
partners in our photoconversion difference spectra.

Changes in the absorption and CD spectra after photo-
conversion are due to modification of the monomeric Qy

transition energy of the Chl(s) contributing to the A- and
B-states. After photoconversion at 1.7 K the relative orienta-
tions of the CP43 Chla are unlikely to have changed. As a
consequence, within the dipole-dipole approximation, the
exciton coupling between any CP43 Chla will not change
after photoconversion, since the Chla transition dipoles can
be considered molecule-fixed. The effect of the coupling on
the exciton transition energies is inversely proportional to
the energy separation of the monomer transitions, with
maximal exciton splitting occurring for degenerate mono-
mers.

The B-state is mostly described as an excitation on a single
Chl a. Following photoconversion, the absence of a clear
absorption increase of a feature at wavelengths near the
exciton partners of the B-state (bands 2 and 3, Table 1, Figure
8) suggests that the Chl contributing most significantly to
the B-state must be only very weakly coupled to the other
Chls within this three-state exciton manifold and/or has a
significantly different monomeric transition energy. This
means that the B-state arises due to an excitation predomi-
nantly localized on a single Chla, consistent with our
assignment of the absorption strength of∼1 Chl a to this
state (Figure 8). The absorption intensities of bands 2 and 3
differ significantly from that of a single Chla (Figure 8).
This intensity redistribution is due to the effect of the exciton
coupling of the Chls that give rise to these bands. To obtain

FIGURE 9: Our estimate for the maximum contribution of the A-
and B-states to the 1.7 K CP43 absorption spectrum.
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the substantial CD signals observed and the relative absorp-
tion intensities of bands 2 and 3, there must be coupling
between the other two Chls that contribute to the three-state
exciton manifold. These two Chls must be nearly degenerate
for the coupling to have any significant effect on the
absorption/CD spectra. The energy separation of bands 2 and
3 determined from the CD difference spectrum is 110( 55
cm-1. In the simplest description this would mean that the
coupling energy is∼55 ( 28 cm-1.

The phenomenology associated with the three-state exciton
manifold involves a nonexcitonically red-shifted (∼683 nm)
B-state Chla that is weakly coupled to at least two other
Chl a. The other (two) Chls must have a near degeneracy of
their monomeric transitions. This assignment of weak
coupling of the B-state Chla to other Chls in CP43 is
consistent with Jankowiak et al. (45) and Groot et al. (47).
Our finding that the monomeric transition energy of the
B-state Chla is in the long-wavelength region (∼683 nm)
is consistent with the conclusion by de Weerd et al. (38)
that the red shift of the Chl responsible for the sharp long-
wavelength feature of the CP43 absorption spectrum is due
to a nonexcitonic interaction.

Jankowiak et al. (45) and Groot et al. (47) have both
assigned weak coupling of the long-wavelength Chla to
higher energy Qy transitions. These assignments were based
on bleaching in T- S and NPHB difference spectra at higher
energy that was correlated with the bleaching of the long-
wavelength state(s). Jankowiak et al. (45) assigned correlation
of the A-state with a state(s) at∼669 nm and correlation of
the B-state with states at∼678 and∼673 nm, respectively.

We see no clear evidence in our absorption difference
spectra for a change at∼678 nm that could be associated
with depletion of the B-state. We account for the photo-
product in our difference spectra quantitatively, and we also
obtained photoconversion in the absence of narrow-band
NPHB. We observed a minimum in the photoproduct
distribution at∼673 nm (see Results, Figure 1) and suggested
that this arose from two distinct photoproduct distributions
peaking near∼668 and∼677 nm.

From their T- S spectra, Groot et al. (47) did not find
any strong evidence for a higher energy exciton partner of
the B-state. The resolution in their T- S spectra was 3 nm,
which is comparable to the width of the B-state and the
energy separation to its sharp higher energy partner. Exciton
coupled state(s) at∼669 nm linked to the A-state have been
assigned by both Jankowiak et al. (45) and Groot et al. (47).
We are not able to confirm such a phenomenon, as
photoproduct formation in this spectral region resulting from
photoconversion of the A- and B-states would overlap with
any such depletion.

CONCLUSION

Our absorption and CD photoconversion difference spectra
have established four Chl states in the long-wavelength (low-
energy) region of isolated CP43. We assigned the position
and widths of these states and estimated their contribution
to the absorption spectrum. The exciton coupling involved
with these states is weak and determined from our optical
spectra to be maximally of the order∼50 cm-1. The two
states at lowest energy (∼683 nm) are the excitation energy
traps in isolated CP43 and are each predominantly localized

on a single Chla, consistent with earlier reports (38, 45,
47). The two other states that we have assigned are associated
with weak exciton coupling to the narrow (fwhm∼70 cm-1)
trap state (B-state,∼683 nm). We proposed a unique
mechanism for photoconversion that involves Chl-protein
hydrogen bonding. Whether the photophysical behavior of
these low-energy Chla in isolated CP43 is distinctly different
from the behavior of these Chls in PSII core complexes
remains an open question. Further studies to address this
question and the proposed photoconversion mechanism may
provide insight into the physiological flexibility of the Chl-
protein interaction for the low-energy Chl states of CP43.

SUPPORTING INFORMATION AVAILABLE

Fit of the T - S spectra of Jankowiak et al. (45) using
our widths for the A- and B-states. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Årsköld, S. (2005) Assignment of the Low-Temperature Fluo-
rescence in Oxygen-Evolving Photosystem II,Photosynth. Res.
84, 193-199.

29. Hughes, J. L., Smith, P. J., Pace, R. J., and Krausz, E. (2006)
Spectral Hole-Burning at the Low-Energy Absorption Edge of
Photosystem II Core Complexes,J. Lumin. 119-120, 298-303.

30. Hughes, J. L., Smith, P. J., Pace, R. J., and Krausz, E. (2006)
Low Energy Absorption and Luminescence of Higher Plant
Photosystem II Core Samples,J. Lumin. doi:10.1016/j.jlu-
min.2006.01.142.

31. Hughes, J. L., Smith, P., Pace, R., and Krausz, E. (2006) Charge
Separation in Photosystem II Core Complexes Induced by 690-
730 nm Excitation at 1.7 K,Biochim. Biophys. Actadoi:10.1016/
j.bbabio.2006.05.035.

32. Hughes, J. L., Krausz, E., Smith, P. J., Pace, R. J., and Riesen, H.
(2005) Probing The Lowest Energy Chlorophylla States of
Photosystem II via Selective Spectroscopy: New Insights on P680,
Photosynth. Res. 84, 93-98.

33. Holzwarth, A. R., Mu¨ller, M. G., Gatzen, G., Hucke, M., and
Griebenow, K. (1994) Ultrafast Spectroscopy of the Primary
Electron and Energy Transfer Processes in the Reaction Center
of Photosystem II,J. Lumin. 60-61, 497-502.

34. Groot, M. L., Dekker, J. P., van Grondelle, R., den Hartog, F. T.
H., and Völker, S. (1996) Energy Transfer and Trapping in Isolated
Photosystem II Reaction Centers of Green Plants at Low Tem-
perature. A Study by Spectral Hole Burning,J. Phys. Chem. 100,
11488-11495.

35. Groot, M. L., Breton, J., van Wilderen, L. J. G. W., Dekker, J. P.,
and van Grondelle, R. (2004) Femtosecond Visible/Visible and
Visible/Mid-IR Pump-Probe Study of the Photosystem II Core
Antenna Complex CP47,J. Phys. Chem. B 108, 8001-8006.

36. Groot, M.-L., van Mourik, F., Eijckelhoff, C., van Stokkum, I. H.
M., Dekker, J. P., and van Grondelle, R. (1997) Charge Separation
in the Reaction Center of Photosystem II Studied as a Function
of Temperature,Proc. Natl. Acad. Sci. U.S.A. 94, 4389-4394.

37. den Hartog, F. T. H., Dekker, J. P., van Grondelle, R., and Vo¨lker,
S. (1998) Spectral Distributions of “Trap” Pigments in the RC,
CP47, and CP47-RC Complexes of Photosystem II at Low
Temperature: A Fluorescence Line-Narrowing and Hole-Burning
Study,J. Phys. Chem. B 102, 11007-11016.

38. de Weerd, F. L., van Stokkum, I. H. M., van Amerongen, H.,
Dekker, J. P., and van Grondelle, R. (2002) Pathways for Energy
Transfer in the Core Light-Harvesting Complexes CP43 and CP47
of Photosystem II,Biophys. J. 82, 1586-1597.

39. Andrizhiyevskaya, E. G., Frolov, D., van Grondelle, R., and
Dekker, J. P. (2004) On the Role of the CP47 Core Antenna in
the Energy Transfer and Trapping Dynamics of Photosystem II,
Phys. Chem. Chem. Phys. 6, 4810-4819.

40. Andrizhiyevskaya, E. G., Chojnicka, A., Bautista, J. A., Diner,
B. A., van Grondelle, R., and Dekker, J. P. (2005) Origin of the
F685 and F695 Fluorescence in Photosystem II,Photosynth. Res.
84, 173-180.

41. van Mourik, F., Groot, M.-L., van Grondelle, R., Dekker, J. P.,
and van Stokkum, I. H. M. (2004) Global and Target Analysis of
Fluorescence Measurements on Photosystem 2 Reaction Centers
upon Red Excitation,Phys. Chem. Chem. Phys. 6, 4820-4824.

42. Novoderezhkin, V. L., Andrizhiyevskaya, E. G., Dekker, J. P.,
and van Grondelle, R. (2005) Pathways and Timescales of Primary
Charge Separation in the Photosystem II Reaction Center as
Resolved by a Simultaneous Fit of Time-Resolved Fluorescence
and Transient Absorption,Biophys. J. 89, 1464-1481.

43. Roelofs, T. A., Kwa, S. L. S., van Grondelle, R., Dekker, J. P.,
and Holzwarth, A. R. (1993) Primary Processes and Structure of
the Photosystem II Reaction Center: II. Low-Temperature Pico-
second Flourescence Kinetics of a D1-D2-cyt-b-559 Reaction
Center Complex Isolated by Short Triton Exposure,Biochim.
Biophys. Acta 1143, 147-157.

44. Vasil’ev, S., Orth, P., Zouni, A., Owens, T. G., and Bruce, D.
(2001) Excited-State Dynamics in Photosystem II: Insights From
the X-ray Crystal Structure,Proc. Natl. Acad. Sci. U.S.A. 98,
8602-8607.

45. Jankowiak, R., Zazubovich, V., Ra¨tsep, M., Matsuzaki, S., Alfonso,
M., Picorel, R., Seibert, M., and Small, G. J. (2000) The CP43
Core Antenna Complex of Photosystem II Possesses Two Quasi-
Degenerate and Weakly Coupled Qy-Trap States,J. Phys. Chem.
B 104, 11805-11815.

46. Hughes, J. L., Prince, B. J., Peterson Årsko¨ld, S., Krausz, E., Pace,
R. J., Picorel, R., and Seibert, M. (2004) Photo-Conversion of
Chlorophylls in Higher-Plant CP43 Characterized by Persistent
Spectral Hole-Burning at 1.7 K,J. Lumin. 108, 131-136.

47. Groot, M.-L., Frese, R. N., de Weerd, F. L., Bromek, K., and
Pettersson, A. (1999) Spectroscopic Properties of the CP43 Core
Antenna Protein of Photosystem II,Biophys. J. 77, 3328-3340.

48. Hughes, J. L., Prince, B. J., A° rsköld, S. P., Smith, P. J., Pace, R.
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