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PHOTOSYNTHESIS

Photochemistry beyond the red limit
in chlorophyll f-containing

photosystems

Dennis J. Niirnberg'*, Jennifer Morton>, Stefano Santabarbara®, Alison Telfer”,
Pierre Joliot*, Laura A. Antonaru’, Alexander V. Ruban’, Tanai Cardona’,
Elmars Krausz?, Alain Boussac®, Andrea Fantuzzi'*, A. William Rutherford*

Photosystems | and Il convert solar energy into the chemical energy that powers life.
Chlorophyll a photochemistry, using red light (680 to 700 nm), is near universal and is
considered to define the energy “red limit” of oxygenic photosynthesis. We present
biophysical studies on the photosystems from a cyanobacterium grown in far-red light
(750 nm). The few long-wavelength chlorophylls present are well resolved from each other
and from the majority pigment, chlorophyll a. Charge separation in photosystem | and

Il uses chlorophyll f at 745 nm and chlorophyll f (or d) at 727 nm, respectively. Each
photosystem has a few even longer-wavelength chlorophylls f that collect light and pass
excitation energy uphill to the photochemically active pigments. These photosystems
function beyond the red limit using far-red pigments in only a few key positions.

xygenic photosynthesis uses chlorophyll a

(chl a) to convert visible light into chem-

ical energy. The photochemically active

pigments of the two photosystems, pho-

tosystem I (PSI) and photosystem II (PSII),
at 700 nm and 680 nm, respectively, represent
the energy available for photochemistry (1-3)
(see supplementary text S1). This was consid-
ered the “red limit” (4), the minimum energy
required for oxygenic photosynthesis, until it
was found that a cyanobacterium, Acaryochloris,
extends this limit by using chl d, a pigment ab-
sorbing at a wavelength 40 nm longer than chl a
(5, 6). Acaryochloris photosystems are dominated
(~97%) by chl d with one or two chl a located
in key positions (6, 7). More recently, chl f, the
longest-wavelength chlorophyll known, was dis-
covered (6, 8, 9). Chl f exists as a minority pig-
ment in photosystems that contain ~90% chl a.
Chl f is generally assumed to play a purely light-
harvesting role, needing heat in the environment,
the product of the Boltzmann constant and the
temperature (kgT), for uphill excitation transfer
to chl a for photochemistry to occur (5, 6, 10-13)
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[see, however, (14)]. Thus, the presence of chl f
in these photosystems was not considered an
extension of the photochemical red limit. Here,
we report data that change that view, showing
that long-wavelength chlorophylls perform
the photochemistry in both photosystems.
Chroococcidiopsis thermalis, a widely spread
extremophile cyanobacterium, when grown under
750-nm far-red light (FRL), contains ~90% chl a,
~10% chl f and <1% chl d. The absorption and
fluorescence spectra of the cells were shifted
to longer wavelengths with a new absorption
peak at 709 nm (Fig. 1A) and 80-K fluorescence
at 740, 753, and 820 nm, suggesting changes in
both photosystems (Fig. 1B) [see (10, 15)]. These
data and decay-associated fluorescence (fig. S1)
indicate that the FRL chlorophylls are the dom-
inant terminal emitters and are present in es-
sentially all the photosystems [see also (9, 10)].
The wavelength dependence of PSI and PSII
activity (action spectra) in FRL cells were red-
shifted (Fig. 1C), with new peaks at 745 nm for
PSI and 715 nm for PSII. The action spectra
correspond well to the absorption spectra of
the isolated photosystems (Fig. 1C). P;y,™* for-
mation with far-red light was more efficient in
FRL cells (Fig. 1D, right). Primary quinone (Qx)
reduction under far-red excitation in white-light
(WL) cells was slow and incomplete, but in FRL
cells it was very rapid, faster than in WL cells
with visible excitation (Fig. 1D, lower middle).
0O, evolution under far-red light reached the
same level as seen under visible light in WL cells
(see supplementary text S2).
Thermoluminescence (TL) from S,Q" (Fig. 2A)
and S,Q," (fig. S2A) (16) in FRL thylakoids is
enhanced by a factor of >25 compared with WL
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thylakoids. TL arises from repopulation of the
excited state of the primary donor chlorophyll,
*Chlp,, by charge recombination, which then emits
at the same wavelength as the prompt fluores-
cence (17). The enhancement in TL intensity
in FRL PSII indicates a decrease in the energy
gap between the precursor charge pair and the
luminescent excited-state chlorophyll (17), con-
sistent with a lower-energy, longer-wavelength
primary donor/emitter (supplementary text S3).
Recombination takes place at temperatures close
to those seen in the WL PSII, and the flash-number
dependence is nearly identical to that seen in WL
PSII, indicating no obvious change in the yields
of charge separation and stabilization (fig. S2B).

PSII activity, measured as the rates of Qu
reduction at 293 (Fig. 2B, inset) and 77 K
(Fig. 2B) and as the rate of p-carotene cation
radical formation at 15 K (I8, 19), were com-
parable with red and far-red excitation (Fig. 2C
and fig. S3). A purely antenna role for chl f
(5, 6, 10-13) would require that heat (kgT) drives
the excitation from the shortest-wavelength
chl f (~720 nm) uphill to Pgg, the chl a primary
donor. The kT at room temperature (293 K) is
26 meV and too small to cover the ~100 meV
energy gap between 720 and 680 nm. Although
some overlap of the absorption bands could
allow this process to occur inefficiently at 293 K,
thermally induced excitation transfer will be-
come vanishingly weak at 77 K (kgT = 6.6 meV)
and 15 K (k3T = 1.3 meV) (supplementary text
S4). The matching rates for PSII photochemistry
with red and far-red excitation at cryogenic tem-
peratures indicate that a FRL chlorophyll is in-
volved in primary charge separation.

When the Pheop, " is trapped by illumination
in the presence of a reductant (20, 21) the light-
minus-dark difference spectrum exhibits the ex-
pected bleaches at ~546 and ~680 nm (Fig. 2D)
due to the disappearance of the Pheop; Q, and
Qy absorptions. In WL PSII, the charge on
Pheop,;” induces a blue shift of the Chly,; Qy ab-
sorption at ~680 nm. This electrochromic shift
dominates the difference spectrum (20, 21) but
is notably absent in the FRL PSII (Fig. 2D). In-
stead, a marked blue shift at ~720 nm is seen.
This indicates that Chlp, is a long-wavelength
chlorophyll in FRL PSII. The smaller blue-shift
feature at ~669 nm is attributed to Pp;/Pps.

When Q," is trapped by illumination at 77 K
(Fig. 2E), the charge created on Q4" is known to
induce a blue shift of the Q, band of Chlp, (21).
In FRL PSII, the Chlp, blue shift typically seen
near ~680 nm (2I) is replaced by one at ~727 nm.
This indicates that Chlp, is replaced by a FRL
chlorophyll (Fig. 2F). The absence of the Chlp; band
shift at 680 nm allows a 685-nm red shift to be-
come evident. This corresponds to the expected
(but not previously visible) Q4 -induced shift of
the Pheopy,; Q, excitation (supplementary text S2).

High-performance liquid chromatography
(HPLC) indicated that the isolated PSII con-
tained 2 pheo a, 4 chl f, 1 chl d, and 30 chl a
per center, based on the 35 chl per PSII (22)
(fig. S5A). The 77-K absorption spectrum (Fig.
2E) shows four peaks above 700 nm. The 710-nm
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band is attributed to red-shifted allophycocyanins
(9, 23), based on its wavelength, variable ampli-
tude in different preparations, and absence of
magnetic circular dichroism (MCD) (fig. S6). The
1.8-K absorption and MCD spectra were fitted
with ~5 FRL chlorophylls at 721, 727, 734, 737,
and 749 nm (fig. S7).

Intrinsically, chl d absorbs at shorter wave-
lengths than chl f; thus, it is the most obvious
choice for the 721-nm pigment. This pigment
could be a linker between the primary donor at
727 nm and the shorter-wavelength antenna (sup-
plementary text S5). Given the small wavelength
difference, we need to consider the possibility that
chl d is the primary donor, Chlp,;. The wavelength
(727 nm) of the primary donor is similar to the chl
d (725 nm) in this location in Acaryochloris (7, 24).

The conserved amino acid changes near Chly,
(figs. S8 and S9) suggest specific H bonding to a
formyl group on either the C2 (chl f) or C3 (chl d)

position of Chlp;. This provides further evidence
that Chlp, in FRL PSII is a long-wavelength
chlorophyll but does not discriminate between
chl d and chl f (fig. S8). The three remaining
long-wavelength chlorophylls appear to be tuned
to span the energy gap from 749 nm up to the
photochemically active chlorophyll at 727 nm,
with gaps of 10 to 12 nm (23 to 26 meV), ap-
propriate to the value of kT at ambient tem-
peratures (~26 meV) (see supplementary text S5
and table S1 for other pigment assignments).
It seems likely that Pp,, which bears the key
long-lived chlorophyll cation radical, remains
a chl a. This suggestion is based on (i) the pres-
ence of the blue shifts at 669 nm attributed to
Pp; (Fig. 2, D and E), (ii) structural considera-
tions (figs. S8 and S12), (iii) the precedence of
chl a being P, in Acaryochloris (6, 7, 24), and
(iv) conservation of specific chemical properties
(e.g. oxidizing power, stability, and reactivity)
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Fig. 1. Changes in the pigments and activities of the photosystems
from C. thermalis cells grown in 750-nm light. (A) Absorption spectra
and (B) 80 K fluorescence spectra of WL and FRL cells. (C) Action spectra
for PSI (P5g0™" at 430 nm, 50 us after the flash) (top) and PSII

(Qa” +DCMU, measured as fluorescence) (middle) in FRL cells (red and
blue, respectively) compared to WL cells (black). Bottom panel: absorp-
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without the need for major redox and Kinetic
tuning. Nevertheless, sequence comparisons in-
dicate changes in the environments of cofactors
in the redox core, including Py, likely reflecting
the tuning needed to adjust to the presence of
the long-wavelength pigment. (see table S2 and
figs. S9 and S12 to S14).

When isolated FRL PSI was excited at 15 K using
610-, 730-, and 750-nm light, comparable photo-
chemistry was seen (Fig. 3A and fig. S15), indicating
that the chlorophyll absorbing at ~750 nm is involved
in charge separation. In WL PSI, 750-nm excitation
resulted in the expected low-quantum-yield photo-
chemistry (Fig. 3A) due to weak optical charge-
transfer absorption at 750 nm (supplementary text S4,.

Light-minus-dark difference spectra at 293 K
in FRL and WL thylakoids are similar to those
obtained at 77 and 1.8 K from isolated FRL
and WL PSI, except for thermal broadening at
higher temperatures (Fig. 3B and fig. S16). The
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separating the photosystems. (D) Photosystem activities measured in
WL (top) and FRL cells using visible (black) and far-red (red points)
excitation. Left: PSI activity (P700™™ at 705 nm 50 us after the flash).
Middle: PSIl activity (Qa™ as in C). Right: O, evolution as a function of light
intensity. See materials and methods for details.
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main bleach is at ~704 nm with an absorption
increase at 692 nm, indicating that the cation is
located on the P,Pg chlorophyll a/a' pair, P;oo"™,
as seen in WL PSI. The rest of the spectrum shows
marked differences: the sharp trough at 684 nm,
the peak at 674 nm (680 nm at 77 K), and the
trough at 656 nm (~660 nm at 77 K), all of which
are present in WL PSI (Fig. 3B and fig. S16) but
are absent in FRL PSI. Instead, several changes
appear at >700 nm (Fig. 3B). These changes can
be attributed to the replacement of chl a band
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shifts in WL PSI with long-wavelength chloro-
phyll band shifts in FRL PSI. The band shifts at
>700 nm are better resolved at 77 and 1.8 K
and show a broad blue-shift feature (or two over-
lapping blue shifts) at ~745 nm, a sharp red shift at
756 nm, and a weak blue shift at 800 nm. In addi-
tion, there is a red shift at ~684 nm, which is likely
present in WL PSI but now resolved in the FRL PSIL.

HPLC shows that FRL PSI contains O pheo, 7
to 8 chl f, 0 chl d, and ~88 to 89 chl a (fig. S5B),
assuming 96 chl per PSI (25). The 1.8 K absorp-
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Fig. 2. FRL PSII photochemistry. (A) S;Qg" thermoluminescence in WL and FRL thylakoids from
C. thermalis. (B) Kinetics of Qa reduction in FRL thylakoids (measured as fluorescence) at 77 K
(inset at 293 K). Samples were excited using visible (600-nm) and far-red (710-nm) light. (C) Kinetics
of B-carotene cation radical formation in isolated FRL PSII at 15 K illuminated with visible (610-nm)
and far-red (730-nm) light. (D) Light-minus-dark visible/near-IR spectrum at 293 K upon Pheop;”
formation in isolated FRL PSII. The 650- to 700-nm region is saturated in the main spectrum (black),
the red inset is a 2x-diluted sample. (E) 77-K absorption spectrum of isolated FRL PSII (black) with
the 77-K (red) and 1.8-K (blue) 725-nm illuminated-minus-dark difference spectra. (F) Cofactors in PSII
showing Chlp; as a FRL chlorophyll (circled) and potential H-bonding amino acids, based on the

crystal structure PDB 3WU2 (22).
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tion and MCD spectra at >700 nm (fig. S17) can
be fitted as follows: 1 chl f at 736 nm, 3 chl f at
~745 nm, 1 chl f at 756 nm, 1 chl f at ~763 nm,
and ~2 chl f at ~800 nm (fig. S18). In addition,
a chlorophyll feature at 709 nm is suggested to
be a long-wavelength PSI chl a.

Based on the crystal structure (25), the differ-
ence spectra (Fig. 3B and fig. S16), the low-
temperature photochemistry (Fig. 3A and fig. S15),
and structural arguments (figs. S8 and S19), the
following model emerges for the FRL PSI redox
cofactors: (i) P, and Py remain chl a/chl a’ and
bear the P,y cation. (ii) Aga and Agg, the pri-
mary acceptors (I, 26), remain chl a, because
the redox properties of chl f (3) make it un-
suitable for a low potential role. This fits with
the assignment of the ~684-nm red shift to Ay
(Fig. 3B) [see (26)] and with A, being chl a in
Acaryochloris (24). (iii) One or both of the pri-
mary donors, A, and Ag (27), are chl f in FRL
PSI, absorbing at ~745 nm. The difference spec-
tra seem to arise from overlapping blue shifts
at this wavelength, replacing the dominant
~684-nm blue shift in the WL PSI. A, and A
are the only redox-active chlorophylls oriented
to allow a blue shift. Possible locations of the
six chl f antenna are discussed in the supple-
mentary materials (supplementary text S6).

The far-red photosystems studied here repre-
sent a third paradigm for oxygenic photosyn-
thesis (supplementary text S1). The first is the
canonical type that use chl a for both charge
separation and antenna absorption. The second
is that of Acaryochloris, where chl d replaces all
chl a for both photochemistry and light har-
vesting, with the exception of chl a being retained
in two key redox roles: Pp;, where Pp;"" is the
principle oxidant of PSII, and Ay, where Ay~
is the principle reductant in PSI. The new para-
digm maintains chl a in nearly all positions
except for a small number of chl f molecules
(plus one chl d in PSII). These long-wavelength
chlorophylls act as (i) the primary electron do-
nors in both photosystems, (ii) linkers to shorter-
wavelength antenna pigments, and (iii) a small,
longer-wavelength antenna system. The far-red
photosystems provide well-resolved absorption
spectra at long wavelengths due to the decreased
spectral overlap, which allows more definitive
assignments and analyses.

Chl f can absorb at >760 nm, yet the wave-
length used to drive photochemistry in the FRL
PSII is ~727 nm (fig. S20). This wavelength is
similar to that of the chl d primary donor (Chlp,)
in Acaryochloris PSII (6, 7, 24). Thus, both of the
known cases of PSII functioning “beyond the
red limit” use primary donors with similar ener-
gies. This may represent a “second red limit” for
PSII, one that applies in the stable, deep-shade
environments where far-red photosynthesis occurs
in nature. The ~110 meV of energy sacrificed
by the shift from ~680 to 727 nm may corre-
spond to the energy “headroom” needed by PSII
to mitigate the photodamage caused by variable
light intensities (3, 28, 29). This potential dis-
advantage may explain why oxygenic photosynthesis
using far-red light is restricted to rare, deep-shade
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Fig. 3. FRL PSI photochemistry. (A) 15-K photo-accumulation of P7oo™" monitored by EPR using
visible and far-red light in (top) isolated FRL PSI and (bottom) isolated WL PSI. (B) (Top) Flash-
induced P,oo"" 293-K absorption difference spectrum using FRL and WL thylakoids. (Bottom)
P200™" 77-K (red) and 1.8-K (blue) difference spectra and 1.8-K absorption spectrum (black)

of isolated FRL PSI. (C) FRL PSI model (PDB 1JBO) (25). Red circles show the proposed locations
of chl f, with other positions as chl a (see the text).

environments, rich in far-red light (supplementary
text S7).
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Lower-energy photons do the work, too
Plants and cyanobacteria use chlorophyll-rich photosystem complexes to convert light energy into chemical

energy. Some organisms have developed adaptations to take advantage of longer-wavelength photons. Niirnberg et al.

studied photosystem complexes from cyanobacteria grown in the presence of far-red light. The authors identified the

primary donor chlorophyll as one of a few chlorophyll molecules in the far-red light-adapted enzymes that were

chemically altered to shift their absorption spectrum. Kinetic measurements demonstrated that far-red light is capable of

directly driving water oxidation, despite having less energy than the red light used by most photosynthetic organisms.
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