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We have used the desiccation-tolerant lichen Flavoparmelia caperata, containing the green algal photobiont
Trebouxia gelatinosa, to examine H/D isotope eﬀects in Photosystem II in vivo. Artifact-free H/D isotope eﬀects
on both PSII primary charge separation and water oxidation yields were determined as a function of ﬂash rate
from chlorophyll-a variable ﬂuorescence yields. Intact lichens could be reversibly dehydrated/re-hydrated with
H2O/D2O repeatedly without loss of O2 evolution, unlike all isolated PSII preparations. Above a threshold ﬂash
rate, PSII charge separation decreases sharply in both D2O and H2O, reﬂecting loss of excitation migration and
capture by PSII. Changes in H/D coordinates further slow charge separation in D2O (−23% at 120 Hz), attributed to reoxidation of the primary acceptor QA−. At intermediate ﬂash rates (5–50 Hz) D2O decreases water
oxidation eﬃciency (O2 evolution) by −2–5%. No signiﬁcant isotopic diﬀerence is observed at slow ﬂash rates
(< 5 Hz) where charge recombination dominates. Slower D2O diﬀusion, changes in hydrogen bonding networks,
and shifts in the pKa's of ionizable residues may all contribute to these systematic variations of H/D isotope
eﬀects. Lichens' reversible desiccation tolerance allows highly reproducible H/D exchange kinetics in PSII reactions to be studied in vivo for the ﬁrst time.

1. Introduction
In oxygenic photosynthesis, the Photosystem II (PSII) reaction
center acts as a solar-driven water-plastoquinone (PQ) oxidoreductase.
The primary electron donor in PSII, P680, contains chlorophyll-a. Upon
excitation of P680, a pheophytin (Pheo) cofactor is reduced and a metastable [P680+Pheo−] charge separated pair is formed. Pheo reduces
the primary PQ acceptor, QA, which reduces the secondary PQ acceptor,
QB. On the donor side of PSII, the P680+ hole is reduced by a conserved
tyrosine residue, YZ. YZ is reduced by the water oxidizing complex
(WOC), which is a Mn4CaO5 inorganic cluster embedded in the protein
structure. The WOC oxidizes two molecules of water to O2 via four
sequential one-electron oxidations coupled to proton losses. These
redox intermediates are known as Si-states (i = 0–4). Protons generated
from water oxidation are released to the thylakoid lumen [1].
Despite decades of biochemical and biophysical experimentation
and theory, the complete chemical mechanism of WOC-dependent O2
evolution is not fully known [2–4]. Because water is both the substrate
and the solvent, detailed experiments tracking individual species from
substrate to product are complex and elusive [5].
⁎
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The WOC is surrounded by several hydrogen-bonding networks that
form channels for water, proton, and/or O2 transport. The “narrow”
channel extends from the O4 μ-oxo ligand of the WOC to the lumen and
includes D1-D61 [6]. This channel has a low barrier for water transport
[7] and may provide the substrate water during the S2 to S3 transition
[8]. The “broad” channel extends from the “dangler” Mn4 of the OEC to
the lumen and includes a high-aﬃnity chloride ion [7, 9]. This channel
has been proposed to support proton release from the WOC [10–12].
The “large” channel is the most extensive and least characterized network [9, 13]. The large channel has a moderate barrier for water
transport [7] and likely serves this role [14]. If the S2 to S3 transition
substrate water enters via the narrow channel, the S4 to S0 transition
substrate water may enter through the large channel. Although O2 in
nonpolar, its transport from the WOC to the lumen likely utilizes hydrogen-bonding networks [15]. The large channel has been proposed to
be both a water and O2 transport network from both computational
[15] and experimental [14] studies.
Kinetic isotope eﬀects (KIE's) reﬂect diﬀerences in the zero point
energies of the reactant(s) and transition states and have frequently
been used to study PSII chemistry in vitro. However, the interpretation
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sealed with silicone grease. For hydration, 50 μL of either ultra-pure
H2O (MilliQ) or 99.9 atom % D2O (Sigma-Aldrich) was added to the
lichen sample.
For all other experiments, air-dried lichen samples were hydrated
with 50 μL or H2O or D2O and incubated under room light for 10 min.
Excess liquid was blotted with a laboratory tissue and a second 50 μL
aliquot of H2O or D2O was added immediately prior to dark adaptation.
For D2O experiments, 1H contamination of the D2O pool surrounding
the lichen sample was monitored using Fourier transform infrared
spectroscopy-attenuated total reﬂectance (FTIR-ATR). O-H/O-D
stretching frequencies were compared between fresh D2O, fresh H2O,
and D2O rinses after incubation with the lichen sample. This method
indicated a maximum presence of 5% 1H contamination (presumably as
HDO) and is attributed to H2O exchange with the lichen sample and
absorption from humidity.
In a parallel study, water content in lichen samples was monitored
using micro-gravimetry. At ambient relative humidity (46%) and 21 °C,
water content decreased from approximately 2.1 to 0.05–0.10 (ratio of
wet/dry wt.) over 2000 s (ten Velduis, Ananyev, and Dismukes, submitted). This value of residual water content is in agreement with FTIRATR measurements and likely represents tightly held structural water.
Therefore, the enrichment of either H2O or D2O in our experiments is
≥90–95%.
FRR ﬂuorescence measurements have been previously described
[24]. Brieﬂy, the instrument uses a laser diode excitation source
(λmax = 655 nm) at a maximal ﬂash intensity of 32,000 μE m−2 s−1.
Resulting chlorophyll-a ﬂuorescence is detected through a sharp edge
ﬁlter (λmax = 685 nm) by a large area avalanche photodiode before
signal processing. Data are collected following a two-minute dark
adaptation period to allow the metastable S2 and S3 states to decay to
S1. In each 50 μs single turnover ﬂash, QA is fully reduced to QA−. A
sequence of 50 single turnover ﬂashes is applied at a selected ﬂash rate
for each experiment. Following another two-minute dark adaptation,
the 50-ﬂash series is repeated. Data from approximately 120 measurements is ensemble averaged.
Oscillations in Fv/Fm, where Fv = Fm − Fo, were analytically ﬁt to
the VZAD model as previously described [29]. Alternatively, the
Fourier transform of each data set was taken and the period determined
by the maximum Fourier amplitude [29, 30].

of KIE's in PSII is complicated by equilibrium isotope eﬀects that alter
the Boltzmann populations of conﬁgurational states, arising from various sources such as changes in hydrogen bonding networks [16] and
shifts in the pKa's of ionizable amino acid residues [17]. These issues are
exasperated by variations in the properties of biochemically puriﬁed
PSII compared to PSII in vivo, and by unintentional protein denaturation upon solvent water exchange. To overcome the latter two problems, we have used lichens to facilitate high ﬁdelity in vivo measurements of PSII in the presence of either H2O or D2O.
Lichens are fungi-algae (or fungi-cyanobacteria) symbionts that
have unique desiccation tolerance [18]. This evolutionary adaptation
can be exploited in the laboratory to eﬃciently remove non-structural
water and replace it with isotopically enriched water for isotope eﬀect
experiments. The reversible loss of PSII activity in lichens upon dehydration has been previously studied by chlorophyll variable ﬂuorescence yield (Fv) and lifetime measurements and oximetry [19–23] from
which it was established that energy transfer from the algal antenna
system to the PSII reaction center is disrupted. Here we use Fv to
measure both successful PSII charge separation ([P+QA−] formation)
and the yield of its downstream photochemical reaction, water oxidation (O2 evolution), via the dependence of Fv [24].
2. Materials and methods
Flavoparmelia caperata, which contains the green algal photobiont
Trebouxia gelatinosa [25], was collected from the bark of mature
Quercus rubrus approximately one meter above the soil in Princeton,
New Jersey. Species identiﬁcation was conﬁrmed using traditional
“spot tests” on the lichen cortex and medulla which detect characteristic metabolites [26]. PSII in Trebouxia gelatinosa and all green algae
contains a single D1 isoform and the extrinsic subunits PsbO, PsbP, and
PsbQ [27, 28]. Thallus samples were stored for no more than one week
under low light conditions at room temperature and 40–50% relative
humidity. Before analysis, residual bark was removed from the thallus
and a 6-mm diameter sample of natural thickness (approximately
100 μm) was cut from a terminal lobe (youngest portion).
For reversibility experiments (Fig. 1), a sample was mounted into
the chamber of a homebuilt fast repetition rate (FRR) ﬂuorometer [24].
For desiccation, a plastic conical tube containing a suspended cheesecloth bag of calcium sulfate was mounted over the sample chamber and

3. Results
When ﬁeld samples of Flavoparmelia caperata are desiccated in the
laboratory, PSII charge separation yield (measured using variable
chlorophyll-a ﬂuorescence as Fv/Fm) approached zero (Fig. 1).
Throughout, we normalize Fv to the total yield of chlorophyll ﬂuorescence (Fv + Fo = Fm) to obtain the intensive quantity Fv/Fm which is
proportional to the quantum yield of PSII charge separation, as ﬁrst
described by Duysens and Sweers [31]. Following the addition of H2O
to the lichen surface and absorption, PSII charge separation was restored within a two-minute dark adaption period between water addition and the ﬁrst data point acquisition. Fv/Fm remained high during
subsequent measurements. The sample was then desiccated for 30 min
by incubation in a chamber containing calcium sulfate (0% relative
humidity). Removal of non-structural water was conﬁrmed by the return of the original low ﬂuorescence signal. The same sample was then
hydrated with D2O, resulting in a slightly lower signal than that produced by H2O hydration (Fv/Fm = 0.347 ± 0.002 for H2O and
0.331 ± 0.002 and D2O). Following another desiccation treatment,
H2O was added to the same sample and activity was restored to the
initial H2O level (Fv/Fm = 0.347 ± 0.003). Provided the ﬂash frequency is ≤10 Hz, the lichen sample does not initiate photo-protective
mechanisms and the experimental result shown in Fig. 1 can be repeated at least three times on the same sample without measurable
changes.
FRR ﬂuorometry allows variable chlorophyll-a ﬂuorescence to be

Fig. 1. Representative reversible desiccation and hydration cycling of F. caperata. A dried 6-mm diameter thallus sample was dark adapted for 2 min then
subjected to 50 single turnover ﬂashes at 5 Hz. This cycle was repeated for the
timescales shown. At times indicated by vertical arrows, either 50 μL of H2O or
50 μL D2O was added to the sample. The sample was placed in a chamber
containing calcium sulfate during the indicated desiccation periods.
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Fig. 2. Average charge separation yield (Fv/Fm) in F. caperata as a function of
ﬂash frequency when hydrated with H2O (black) or D2O (red). The average Fv/
Fm level reﬂects the primary charge separation quantum yield ([P+QA−] formation). Data represent the means ± standard errors of 50 sequential ﬂashes,
each following 2 min of dark adaption. Raw data are shown in Fig. S1.

Fig. 3. Single turnover ﬂashes induce oscillations in Fv/Fm in F. caperata at 5 Hz
when hydrated with H2O (black) or D2O (red) following 2 min of dark adaptation. Samples are identical. Data for other ﬂash frequencies is shown in Fig.
S1.

studied over a wide range of ﬂash frequencies. The dark times between
single turnover ﬂashes were varied from 8.5 to 5000 ms corresponding
to ﬂash rates of 120 to 0.2 Hz, respectively. As shown in Fig. 2, average
Fv/Fm values of lichen samples hydrated in H2O reach a maximum at
1 Hz ﬂash rate and drop sharply above this ﬂash rate, decreasing by
40% at 120 Hz. Lichens exhibit less charge separation capacity than
free-living algae and have the earliest onset and steepest decrease in
charge separation yield with ﬂash rate of any phototroph that we have
examined [32]. Average Fv/Fm values of lichen samples dehydrated
then rehydrated in D2O follow the same trend, but are uniformly lower
than in H2O by a small amount (≤5%) from 0.2 to 50 Hz. Above 50 Hz
this diﬀerence increases substantially to approximately 23% lower at
120 Hz in D2O vs. H2O. At this high ﬂash frequency, PSII acceptor side
kinetics limit charge separation and the large observed H/D isotope
eﬀect indicates that H/D coordinates are speciﬁcally involved in these
acceptor reactions.
Because the lichen sample was dark adapted for 2 min before each
FRR ﬂuorescence measurement, the S1 intermediate of the WOC was
highly populated [33]. Application of a train of short (single turnover)
ﬂashes reveals that Fv/Fm oscillates with a damped period-four ﬂash
pattern that reﬂects the eﬃciency of the primary charge separation
reaction going on to complete the water oxidizing cycle [24]. These
oscillations at 5 Hz ﬂash rate are shown in Fig. 3 and data for all frequencies tested are shown in Fig. S1. Loss of period-four oscillation
amplitude during the ﬂash train reveals the equilibration of the populations of the four S-state intermediates and can be ﬁtted to standard
models.
In Fig. 3, not only is the steady-state Fv/Fm level lower in D2O vs.
H2O by 5%, but the oscillations damp more quickly. The data were
analytically ﬁt to the VZAD model to quantify water oxidation eﬃciency (Fig. 4A) as previously described [29]. The Kok miss parameter
(α) is generally larger in D2O vs. H2O (Fig. 4B), while double hits (β)
and backward transitions (δ) show no signiﬁcant diﬀerences (Fig. 4C
and D). The diﬀerence in misses is greatest at 20 Hz and 5 Hz (26% and
32% higher in D2O vs. H2O, respectively). Inactivation events (ε) were
negligible in both H2O and D2O.
The net eﬃciency of water oxidation can be represented simply by
the hit parameter (γ), which is deﬁned as γ = 1 − α − β − δ/2 − ε/4,
where the four ineﬃciency parameters are deﬁned in the VZAD cycle
(Fig. 4A). The hit probability is the fraction of charge separation events
in which the S-state cycle advances exactly one step forward towards O2
evolution. As shown in Fig. 5A, hits mirror the miss data and are

signiﬁcantly higher in H2O vs. D2O, peaking between 20 and 5 Hz, and
decreasing to zero diﬀerence at both lower and higher ﬂash frequencies.
While the hit parameter is derived from a ﬁtted analytical model,
oscillations in Fv/Fm can be quantiﬁed directly by simple model-independent Fourier transformation of the oscillations [29, 30]. For a
perfect water oxidation complex without damping of oscillations, the
period would be exactly 4 (1/Period = 0.25 WOC cycles per ﬂash). As
shown in Fig. 5B, the inverse period is signiﬁcantly lower than 0.25 at
all ﬂash frequencies studied. The Fourier transform period follows a
similar isotopic trend as the VZAD model hit data at high ﬂash rates,
decreasing sharply above 50 Hz. By contrast, the Fourier transform
period retains a signiﬁcant isotopic diﬀerence at the lower ﬂash rates
(< 20 Hz) where substrate water diﬀusion and charge recombination
contribute to the cycle period.
4. Discussion
At the lowest ﬂash rate used in this work (0.2 Hz), the long spacing
between ﬂashes (5 s) is much slower than the limiting rates of either
WOC cycling or acceptor side electron and proton transfer. By contrast,
at the highest ﬂash rate (120 Hz, 8.5 ms between ﬂashes) Fv/Fm becomes more sensitive to D2O exchange as successive transfers of electrons from QA− to QB and protons from the surrounding medium to
form QBH2 become rate-limiting. This result is consistent with the observed ~10 ms halftime for PQ/PQH2 exchange at the QB site [34]. At
this kinetic regime, the yield of [P680+QA−] formation following a
single turnover ﬂash is decreased because a larger fraction of reaction
centers is closed (QA− has not reoxidized from the prior ﬂash). The
large change in Fv/Fm in H2O vs. D2O (23%) indicates that H/D coordinates change during PQ electron transfer and/or exchange.
At intermediate ﬂash frequencies (0.5–50 Hz, 2 s–20 ms between
ﬂashes, respectively), the kinetics of WOC cycling approach the time
between ﬂashes. By summing the rates of individually measured S-state
transitions, the upper limit of O2 production by the WOC is 1.3–2.1 ms.
However, both steady-state and single turnover ﬂash experiments show
that observed halftimes for O2 production are on the order of 11–40 ms
[27]. The magnitude of H/D isotope dependence is highest at 5 Hz
(20 ms between ﬂashes). At this frequency, D2O results in a 32% increase in misses (Fig. 4B), a 3.4% decrease in hits (Fig. 5A), and a 2.2%
decrease in 1/Period (Fig. 5B). At this intermediate ﬂash frequency, the
fraction of charge separation events that go on to do productive water
1041
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Fig. 5. Net water oxidation eﬃciency in F. caperata when hydrated with H2O
(black) or D2O (red). The VZAD model hit parameter (γ) is shown in panel A.
Model-independent periodicity from the Fourier transform of the oscillations is
shown in panel B. Data represent best ﬁts ± standard error (reﬂecting uniqueness of ﬁt).

oxidation exhibit a signiﬁcantly larger H/D isotope dependence than
those at very slow or very fast ﬂash frequencies. The changes may reﬂect fractionation arising from substrate water diﬀusion or H/D coordinates in the WOC environment that aﬀect hydrogen bonding networks and/or the pKa's of titratable groups.
An increase in the miss parameter in the presence of D2O was previously reported by Junge and coworkers in isolated higher plant thylakoids (1997). At a 1 Hz ﬂash frequency, misses were 9% in H2O and
14% in D2O [35]. However, when PSII core complexes were analyzed at
10 Hz, misses were higher (20%) and no diﬀerence was observed between H2O and D2O [35]. Such sample dependence highlights the need
for robust in vitro methods to study isotope eﬀects free from artifacts.
The H/D eﬀects observed here likely also reﬂect the physical differences between the transport of H2O and D2O. Given D2O's higher
density (ρ = 1.044 g mL−1) and much larger viscosity (22% larger
η = 1.115 mPa s) at 25° compared to H2O (ρ = 0.9971 g mL−1 and
η = 0.890 mPa s) [17], both kinematic (mass of the water molecule)
and frictional drag (medium resistance) contribute, but with the latter
making the dominant inﬂuence in slowing diﬀusion and hydrostatic
ﬂow. Hence, it is not surprising that water diﬀusion through the PSII
protein matrix leading to O2 production and proton transfer to QB
would be altered by H/D exchange of the solvent. Within cells, perhaps
the most important consideration is the resulting change in diﬀusivity
which is dominated by the change in frictional drag. The self-diﬀusion
coeﬃcient of D2O is 18.6% less than that of H2O
(D = 2.229 × 10−5 cm2 s−1 in H2O vs. 1.872 × 10−5 cm2 s−1 in D2O)
[36]. The magnitude of this diﬀerence is similar to that of the change in

Fig. 4. Water oxidation eﬃciency was quantiﬁed by ﬁtting oscillations in Fv/Fm
to the VZAD analytical model [29] (panel A). This model includes misses (α,
panel B), double hits (β, panel C), and backward transitions (δ, panel C). All
inactivation event (ε) values were either 0 or ≤0.001. Data from F. caperata
samples hydrated with H2O are shown in black and with D2O in red. Data represent best ﬁts ± standard error (reﬂecting uniqueness of ﬁt).
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the miss parameter at intermediate ﬂash frequencies, conﬁrming that
diﬀusive water transport alone is suﬃcient to account for the magnitude of the observed eﬀects. Actual water diﬀusion within channels of
the PSII complex is an area of active study (see Introduction section and
[16, 37]). Further tests of this hypothesis could be examined by investigating the consequences of H2O/D2O exchange at lower water
content where the water chemical potential (osmotic pressure) increases. Theory predicts that ﬂow of water under control of osmotic
pressure can greatly exceed diﬀusive ﬂow, for example by 10-fold in the
case of red blood cells [38].
The kinetics and thermodynamics of proton release are also aﬀected
by D2O exchange. Diﬀerences in the bond energies of OeH and OeD
[39] are reﬂected in the slightly higher activation energy for D2O oxidation by PSII as reported by Renger and coworkers (143 kJ mol−1 vs.
140 kJ mol−1 for H2O) [40]. The introduction of D2O also alters and
stabilizes hydrogen bonding networks in PSII, and shifts in the pKa's of
ionizable residues. Indeed, H/D KIE's in PSII are pH-dependent and
largest in steps that involve proton transfer. For example, the S2 → S3
transition (t1/2 = 180–460 μs) is most aﬀected in D2O producing kH/kD
values of 1.3 to 2.4 depending on PSII sample preparation [35, 41, 42].
This KIE likely has contributions from the aforementioned solvent
frictional drag, higher bond energy, and reduced deuteron conduction.
Although we are restricted by the decreasing yield of charge separation
in lichens to slow ﬂash rates, we do see the solvent isotope eﬀect discontinuously increases at 120 Hz ﬂash rate reaching 23% (Fig. 2). We
suggest this abrupt increase likely reﬂects the onset of an additional
contribution to the solvent isotope eﬀects observed at lower ﬂash rates
that we have already attributed to diﬀerences in water diﬀusivity and
H/D-O bond energies. The additional contribution to solvent H/D isotope fractionation above this ﬂash rate likely have contributions from
proton transport kinetics on the acceptor side of PSII.
The hydrogen-bonding environment surrounding the WOC facilitates water delivery and proton release as reviewed in [16]. Recently,
measurements of O2 release kinetics from in vitro PSII preparations have
been used to probe changes in these hydrogen-bonding networks as a
result of point mutations [43, 44] or D2O exchange [45]. However,
work in our laboratory has shown that O2 released by the algal symbionts in lichens is partially consumed by respiration in fungal cells (ten
Velduis, Ananyev, and Dismukes, submitted). Therefore, in vivo studies
on lichens are well suited for variable chlorophyll-a ﬂuorescence
methods and not oximetry.
In conclusion, lichens provide a robust and reversible system for
observing H/D isotope fractionation of the primary charge separation
reaction and subsequent coupled reactions of oxygenic photosynthesis
in living cells without need biochemical extraction. By monitoring
chlorophyll-a variable ﬂuorescence as a function of ﬂash frequency,
kinetic regimes were identiﬁed where H/D eﬀects on either the PSII
acceptor or donor sides were observed. Future studies on the H/D kinetic isotope eﬀects of individual WOC S-states are feasible and will be
the subject of future work.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbabio.2018.05.014.
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