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ABSTRACT Studies on the dynamical properties of photosynthetic membranes of land plants and purple bacteria have been
previously performed by neutron spectroscopy, revealing a tight coupling between specific photochemical reactions and macro-
molecular dynamics. Here, we probed the intrinsic dynamics of biotechnologically useful mutants of the green algaChlamydomo-
nas reinhardtii by incoherent neutron scattering coupled with prompt chlorophyll fluorescence experiments. We brought to light
that single amino acid replacements in the plastoquinone (PQ)-binding niche of the photosystem II D1 protein impair electron
transport (ET) efficiency between quinones and confer increased flexibility to the host membranes, expanding to the entire cells.
Hence, amore flexible environment in thePQ-binding nichehasbeenassociated to a less efficient ET. Asimilar function/dynamics
relationship was also demonstrated in Rhodobacter sphaeroides reaction centers having inhibited ET, indicating that flexibility at
the quinones region plays a crucial role in evolutionarily distant organisms. Instead, a different functional/dynamical correlation
was observed in algal mutants hosting a single amino acid replacement residing in a D1 domain far from the PQ-binding niche.
Noteworthy, this mutant displayed the highest degree of flexibility, and besides having a nativelike ET efficiency in physiological
conditions, it acquired novel, to our knowledge, phenotypic traits enabling it to preserve a high maximal quantum yield of photo-
system II photochemistry in extremehabitats.Overall, in the nanosecond timescale, the degreeof the observed flexibility is related
to the mutation site; in the picosecond timescale, we highlighted the presence of a more pronounced dynamic heterogeneity in all
mutants compared to the native cells, which could be related to a marked chemically heterogeneous environment.
INTRODUCTION
The dynamical properties of biomolecules inside a living
cell contribute to define its intrinsic functionality and/or
adaptation to the environment. In this regard, dynamic
neutron scattering is the most direct experimental technique
to investigate the internal dynamics of biological systems
(1,2). Because of their inherent wavelength (z ångström)
and energy (z milli electronvolt), neutrons are specifically
suited to measure self and collective motions on pico-
second-microsecond timescales matching the amplitude
and frequency of molecular motions in biomolecules.
Furthermore, because neutrons are distinctively sensitive
to hydrogen and its isotopes, neutron scattering measure-
ments enable the study of simple as well as complex bio-
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logical systems that can be labeled by deuterium (3).
Specifically, incoherent neutron scattering techniques are
used to probe the intrinsic dynamics of key proteins isolated
from evolutionarily distant organisms and to highlight the
relevance of hydration water in protein function (4–9). Like-
wise, incoherent neutron scattering was successfully applied
to investigate diffusive and vibrational motions even in more
complex intracellular biosystems (e.g., the photosynthetic
membranes of land plants and bacteria), providing evidence
that dynamics properties contribute to define functional
properties even in the highly specialized membranes hosting
the components of the photosynthetic electron transport
(ET) chain (10–15).

The photosynthetic apparatus is a large assembly of
pigment-protein complexes converting solar energy into
chemical energy through a series of ET reactions. It
contains, among others, PSII-type core catalytic domain,
embedded in thylakoid membranes (TMs) and made by
the reaction center (RC) protein heterodimer D1/D2 (in
Biophysical Journal 116, 1–10, May 7, 2019 1
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oxygenic phototrophs such as Chlamydomonas reinhardtii)
or the orthologous proteins L/M (in anoxygenic purple bac-
teria such as Rhodobacter sphaeroides) (16). These hetero-
dimers, known as type II RCs, use quinones as electron
acceptors and are characterized by three-dimensional struc-
ture conservation and cofactors arrangement, which guar-
antee efficient-forward ET (17).

After light absorption by antenna complexes, special
(bacterio) chlorophylls in the RCs transfer electronic excita-
tion energy along several cofactors leading to charge sepa-
ration. At the acceptor site of both RCs, the one-electron
acceptor quinone QA is reduced to QA

� in �400 ps by the
primary electron carrier intermediate pheophytin. Subse-
quently, in 200–400 ms, the QA

� reduces the nearest two-
electron carrier quinone QB to QB

� in a conformationally
gated process possibly involving hydrogen bond (H-bond)
remodeling. After accepting two electrons and two protons,
QB

� is converted to quinol QH2 and released from the
quinone-binding niche shaped by specific domains of the
D1 or L proteins (18–20). The QB quinones can be displaced
by chemically different competitive inhibitors impairing the
photosynthetic ET chain. These inhibitors include specific
classes of herbicides (e.g., triazines) that were used to
deepen the understanding of the photochemical events
(21) and then to support the development of photo-
synthesis-based biosensors for environmental monitoring
(22–24).

A critical mass of experimental, theoretical, and in silico
studies has already made a significant impact in understand-
ing the thermodynamic and kinetic aspects of photoinduced
energy and ET processes and has also started to highlight
a close coupling between RC dynamics and reactivity.
Notably, it was shown that in physiological conditions,
the kinetics of charge separation and ET processes are
controlled by a complex conformational dynamics covering
a wide range of timescales, relying on the RC’s capability to
fluctuate among a large number of nearly isoenergetic
conformational substates (13,25,26). Hence, any perturba-
tions of the native RC flexibility can potentially interfere
with its biological function. In this regard, elastic incoherent
and quasielastic neutron scattering (EINS and QENS) exper-
iments performed on wild-type (WT) PSII-enriched mem-
branes revealed the onset of diffusive protein motions at
the same temperature and hydration levels promoting an in-
crease of the efficiency of ET from QA

� to QB, and a reduc-
tion of the membrane’s flexibility in samples in which the
ET efficiency from QA

� to QB was transiently inhibited
by a saturating laser flash (11–14). Furthermore, EINS
studies probed an increased membrane flexibility at physio-
logical temperatures above 310 K that was associated to the
inactivation of the oxygen-evolving complex (15). In purple
bacteria RCs, QENS measurements demonstrated that two
photosynthetically nonactive site-specific mutants of the L
subunit have a more flexible core compared to that of the
functional WT (10).
2 Biophysical Journal 116, 1–10, May 7, 2019
In this study, EINS and QENS experiments, combined to
prompt chlorophyll fluorescence measurements, have been
performed to investigate whether single point mutations in
the crucial D1 protein of C. reinhardtii confer novel, to
our knowledge, dynamic properties to the entire algal cells
and isolated thylakoids and if the intrinsic dynamics is
correlated to protein activity or function. Overall, the results
indicate that specific amino acids residing in the plastoqui-
none (PQ)-binding niche are essential for preserving the
functional protein flexibility and that a generally more rigid
environment supports efficient ET from QA to QB.
MATERIALS AND METHODS

Strains and growth conditions

Chlamydomonas strains were grown photoheterotrophically in Tris-acetate-

phosphate (TAP) medium (pH 7.2) (27) in Erlenmeyer flasks at 24�C under

continuous illumination (50 mmol photons m�2s�1) and constant shaking

(150 rpm). In all analyses, cells from algal cultures in late exponential

growth phase (�4–5� 106 cell mL�1) were harvested by 5-min centrifuga-

tion at 20�C and 2500 rpm and further processed for different purposes.
Chlorophyll a fluorescence analysis

Before cell harvesting, the photosynthetic performance of Chlamydomonas

cultures was evaluated by registering the chlorophyll a fluorescence induc-

tion curves at 24�C in TAP medium by the Plant Efficiency Analyzer (Han-

satech Instruments, Norfolk, UK) (28). The maximal quantum yield of PSII

photochemistry was calculated as Fv/Fm ¼ (Fm – F0)/Fm; the efficiency of

the ET between PSII primary (QA) and secondary (QB) quinone electron ac-

ceptors was evaluated by the parameter 1�VJ, where 1�VJ ¼ 1� [(F2 ms �
F0)/(Fm – F0)]. F0, Fm and F2 ms are the fluorescence level at 50 ms, the

maximal fluorescence, and the fluorescence level at 2 ms after the onset

of the illumination, respectively. The measurements were performed at least

three times on each culture (28).
Preparation of cells and thylakoids for neutron
exposure

In these experiments, we considered hydrogenated Chlamydomonas strains.

To replace the intracellular H2O with D2O, algal cultures were centrifuged

at 4000 rpm and at 4�C for 30 min, and the cell pellets were washed with

deuterated TAP medium. The operation was repeated twice. We estimated

that the intercellular water was also removed from the cell pellet.

Algal photosynthetic membranes, namely thylakoids, were isolated as

previously reported (29), with modifications as described in Supporting

Materials and Methods.

About 1 g of C. reinhardtii cell pellet or thylakoid extracts was used for

each exposure to neutrons.

The sample water content was previously surveyed in an independent

experiment by weighing the dry and wet mass before and after baking

the pellets at 75�C for 48 h. Water constituted�80% of the total cell weight.

The choice of heavy water guarantees that almost all the scattered intensity

results from the interaction of neutrons, with the hydrogen atoms located on

the biomolecules side because of their very large incoherent cross section.
EINS and QENS

The EINS measurements were performed on the backscattering spectrom-

eter IN16 at the Institut Laue-Langevin (ILL) (Grenoble, France) with an
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energy resolution of 1 meV (that corresponds to a timescale of the order of

650 ps) in a range of temperature between 50 and 300 K. The spectrometer

was set in the operational elastic mode (i.e., the Doppler speed of the mono-

chromator was set equal to zero), and the collected signal was measured

over a wave vector Q range extending from 0.2 to 1.89 Å�1 (where Q ¼
4psinq/l is the elastic momentum exchange, 2q is the scattering angle,

and l is the wavelength of the incident neutrons). All the elastic scans, per-

formed as a function of temperature, were recorded using a heating rate of

0.5 K/min and an acquisition time equal to 3 min per point. A typical elastic

scan collection time was of the order of 8 h per sample. TheQENSmeasure-

ments were performed on the IN6 time-of-flight spectrometer at ILL. The

experiment was carried out using an incident neutron wavelength l ¼
5.1 Å�1, corresponding to a full-width energy resolution of 70 meV, and a

wave vector range of 0.3–2.0 Å�1.

For each measurement, we layered fresh algae cell paste into a 0.5-mm

thick standard flat aluminum sample holder. Four biological replicates

were analyzed as a function of temperature. All spectra were corrected

for detector efficiencies and normalized to their 20 K temperature scans

(EINS) or standard vanadium (QENS), using the ILL LAMP programs

(information on the program is available on the ILL website at http://

www.ill.fr). The resulting data have been analyzed with DAVE program

(https://www.ncnr.nist.gov/dave/index.html).

Mean-square displacement (MSD), diffusive properties, and relaxation

times were investigated in the picosecond timescale. A description of the

analysis strategy is provided in Supporting Materials and Methods.
TABLE 1 Description of the Main Features of the Analyzed

Mutants

Fv/Fm 1�VJ Main Phenotypic Traits

IL 0.805 5 0.007 0.571 5 0.006 nativelike

I163N 0.793 5 0.013 0.560 5 0.011 tolerance to ionizing

radiation (36,37)

S264K 0.748 5 0.010 0.241 5 0.017 resistance to the s-triazine

herbicides (33,65)

F265T 0.724 5 0.010 0.239 5 0.013 sensitivity to

atrazine (30,32)

s-triazine herbicides include atrazine, simazine, ametryne, prometryn, and

prometon (30,33,66).
RESULTS AND DISCUSSION

Description and photochemical performance of
the PSII D1 mutants

Function/dynamics studies on photosynthetic eukaryotic
cells stably hindered in the ET processes have not been re-
ported yet. In this framework, the availability of a large
repertoire of D1 mutants of the unicellular green alga
C. reinhardtii, a deeply explored model system for funda-
mental, and applied research represents a valuable tool
(30,31).

In our previous studies, molecular docking techniques
and molecular dynamic simulations guided the design of
site-directed mutants of C. reinhardtii with improved affin-
ity for specific classes of herbicides, revealing that, among
others, mutations of the D1-Phe265 (F265) residue can sta-
bilize the atrazine docking in the electron acceptor QB-bind-
ing pocket (30,32). On the contrary, site-directed mutations
of the D1-Ser264 (S264) led to the production of algal
strains resistant to atrazine having impaired binding of
either the natural QB ligand or QB analogs (i.e., triazine her-
bicides) according to the literature (30,33–35). Finally, by
combining an evolution strategy directed in vitro followed
by site-directed mutagenesis, we isolated D1-Ile163 (I163)
mutants having improved tolerance to extreme environ-
mental conditions (30,36,37).

To deepen the knowledge on the function/dynamics
relationships occurring in photosynthetic redox-active sites,
we probed by EINS and QENS the dynamics properties of
the I163N-, S264K-, and F265T-mutated strains (31–34)
in comparison with the C. reinhardtii intronless (IL)
genotype (38).
The I163 amino acid resides in the transmembrane helix III
of the D1 protein exposed toward the stromal site, and it
is included in the environment of the redox-active Tyr Z
conducting the water oxidation. The S264 and F265 amino
acids are hosted in the loop connecting the transmembrane
helices IV and V of the D1 protein and contribute to shape
the QB-binding niche (21,39) (Fig. S1; Table S1). Before
exposing the cells to neutrons, the photochemical perfor-
mance of the cultures was assessed by monitoring the chloro-
phyll a fluorescence parameters (Table 1). Values reported in
Table 1 indicate that in the S264K and F265T mutants, the
efficiency of the ET (1�Vj) was severely affected, whereas
the maximal quantum yield of PSII photochemical reaction
(Fv/Fm) was poorly influenced. Hence, the introduced
amino-acidic substitution produced viable and photosynthetic
active mutants having a reduction of the ET efficiency, how-
ever. Indeed, previous bioinformatic experiments performed
in thesemutants revealed a remodeling of theH-bondnetwork
occurring in the PQ-binding niche leading to a reduced capa-
bility to interact with the natural QB cofactor or the competi-
tive inhibitor herbicides, thus impairing ET (34,35).

On the other end, the I163N mutant, which behaves as
a radiation-tolerant strain upon exposure to ionizing and
fluxes either in on-ground experiments or in low-earth orbit
space flight (36,37), shared a photochemical performance
similar to the native IL genotype (Table 1). A computational
analysis attributed the basis of this improved phenotype
to the formation of a more stable complex through the
establishment of more productive contacts of the more hy-
drophilic side chain of N163 with neighboring D1 and D2
amino acids and chloroplast membrane lipid components
compared to the WT I163 (37).
EINS

The EINS intensity arises from atoms, which are immobile
on the timescale of the instrumental resolution, and provides
information on the average size of the space occupied by the
movements of hydrogen atoms. Here, the elastic scattering
profile of hydrogenated cells washed and suspended in
D2O-based medium has been measured as a function of tem-
perature in the range 50–300 K. Fig. 1 reports the elastic
Biophysical Journal 116, 1–10, May 7, 2019 3
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FIGURE 1 Elastic intensity as a function of wave vector Q (Å�1) and

temperature (low T to high T ¼ top to bottom) for the native green algae.

The observed peaks at 1.5 and 1.8 Å�1 are associated to the hexagonal

ice formation at low temperature. To see this figure in color, go online.
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intensity as a function of wave vector Q (Å�1) and temper-
ature (low T to high T ¼ top to bottom) for the native green
algae (examples for mutants are provided in Fig. S2). The
observed Bragg peaks at 1.5 and 1.8 Å�1 are the hexagonal
ice’s fingerprints. The temperature dependence of the peak’s
intensity suggested that the ice fully melts at 279 K.

Because the ice formation could damage the cells during
the cooling/heating process, we compared these measure-
ments with those performed in the physiological range
(280–300 K) before cooling. Nevertheless, a complete mea-
surement in the range of temperature between 50 and 300 K
allowed data normalization using low-temperature data
(50 K), giving access to the vibrational fluctuations.

Fig. 2 shows the integrated elastic intensities (summed in
the range 0.4 and 1.42 Å�1 to avoid the water Bragg peak
FIGURE 2 Integrated elastic intensities (summed in the range 0.4 and

1.42 Å�1) as a function of temperature for native Chlamydomonas and

D1 mutants I163N, S264K, and F265T. To see this figure in color, go online.
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region) as a function of temperature for native and mutated
Chlamydomonas cells. Error bars are represented for all
curves, exhibiting the same general trend. The common
smooth decrease of the elastic line followed by an abrupt
drop of the integrated intensity confirmed the presence of
ice for all samples. The continuous decrease of intensity is
due to the increasing amplitude of molecular vibrations,
whereas the larger slope is representative of a significant
change of dynamics in the sample (here represented by
the melting of the intracellular water).

Regrettably, the integrated intensities, which usually pro-
vide preliminary information (40,41), were not informative
enough to compare the dynamics of mutants; hence, to get
insights in the flexibility of the cells, we have extrapolated
the corresponding MSDs reporting the <u2>/3 values
(see Supporting Materials and Methods). Fig. 3 represents
the MSDs extracted in the Q2 range 0.15–1.96 Å�2.

Up to the melting transition, all the atomic/molecular
vibrations are identical within error bars. All atoms con-
strained in a rigid matrix, such as the ice, can vibrate without
diffusion, giving access to the Debye-Waller. The first-order
FIGURE 3 Mean-square displacement (MSD) as a function of tempera-

ture for native Chlamydomonas and D1 mutants I163N, S264K and F265T.

(a) A low range of temperature (50–250 K) below the ice melting tem-

perature is shown. In this range, only harmonic motions are observed.

(b) A range of temperature from ice melting up to physiological tempera-

ture (255–295 K) is shown. At the physiological temperatures, the MSDs

associated to mutants are higher than the native cell. To see this figure in

color, go online.



FIGURE 5 Mean-square displacement (MSD) in the TM of the native

and F265T green algae measured as a function of temperature before cool-

ing in the range of temperature 280–300 K. To see this figure in color, go

online.
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transition (solid-liquid) occurred for all samples in the same
very narrow range of temperature (276–280 K). For the
temperature above 280 K, the MSDs were relatively inde-
pendent on temperature and showed distinct amplitudes be-
tween native and mutant strains. The trend highlights that
the green algal cells carrying genetic mutations have, in gen-
eral, higher MSD amplitudes compared to the native cells
(Fig. S3). This behavior indicates that at the physiological
temperatures, mutants are more flexible than the native
algae. In particular, F265T and S264K mutants, which carry
the single point mutation in the stromal DE loop hosting the
QB-binding site (Fig. S1; Table S1), showed similar ampli-
tude of the MSD. Instead, the I163N mutant, where the
mutation resides in the transmembrane helix C toward the
luminal side outside the PQ-binding niche, revealed a
well-distinct and enhanced MSD value. It is important to
note that by analyzing the mutants directly at the physiolog-
ical range of temperature, we measured the same dynamics
and observed the same trend among mutants we described
above (Fig. 4). This allowed us to rule out the hypothesis
that the observed differences were due to possible damages
occurring as a consequence of low-temperature exposure
(Fig. S4).

To better understand the origin of this change on flexi-
bility, we measured the MSD of TMs isolated from the
native and F265T strains (see Supporting Materials and
Methods). Fig. 5 a shows the MSDs values of the native
and F265T TM in the physiological range of temperature
280–298 K. We found a consistency with the results re-
ported in Fig. 3 for the whole Chlamydomonas cells. The
MSD values had distinct amplitude up to 292 K, then ther-
mal fluctuations dominated and smoothed all differences.
The TMs of the modified organism were more flexible
than those of the native organism; it is tempting to speculate
that some of this lack of rigidity directly arises from the
FIGURE 4 Mean-square displacement (MSD) of the native and the

F265T green algae measured as a function of temperature before cooling

in the range of temperature 277–300 K. To see this figure in color, go online.
mutated PSII D1 protein. By comparing the Chlamydomo-
nas TM and whole-cell dynamics (Fig. 6), we observed
that the TMs have higher MSD amplitudes, which led us
to hypothesize that the major contribution to the whole-
cell flexibility is provided by these extended protein-lipid
FIGURE 6 MSDs of the Chlamydomonas TM and the whole cell for the

native (a) and the F265T strains (b). TMs have higher MSDs amplitudes,

indicating the major contribution to the whole-cell flexibility. To see this

figure in color, go online.
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FIGURE 7 MSDs of the R. sphaeroides reaction center (RC) cooled un-

der light and in the dark. It is possible to remark a slight variation of the

MSD slope as a function of the cooling method. The higher the slope is,

the more flexible the system is. To see this figure in color, go online.
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systems including all the macromolecular assemblies
involved in the light reactions of photosynthesis. In this
context, it is interesting to note that the I163N mutant has
a larger flexibility compared to the other mutants and that
this dynamical behavior does not correlate to ET efficiency,
possibly because of the fact that the mutation is located in a
D1 domain far from the PQ-binding site. Most probably, the
larger flexibility assumed by the mutant and its environment
could be related to its ability to tolerate stress conditions as
it has been already observed in completely different species
(3,42,43). On the contrary, the increased flexibility observed
in the S264K and F265T mutants is associated to the atten-
uated photosynthetic ET efficiency and, at least for S264K,
also a reduction of the oxygen evolution rate (35).

Changes in the dynamics arising from the genetic manip-
ulation of photosynthetic RC were also observed in the
purple bacterium R. sphaeroides, hosting mutations in the
D1-D2 orthologous proteins L/M. Here, the introduced mu-
tations led to a �1000 times reduction of proton transfers to
QB, giving rise to mutants unable to perform photosynthesis
(10). In this context, it was demonstrated that the native RC
is globally more rigid than the nonfunctional mutant. There-
fore, with the help of Brownian dynamics simulation, the
authors claimed that the requirement of a rigid core is neces-
sary to accomplish the RC protein function. Here, we
confirmed the functional/rigidity hypothesis by measuring
the elastic scattering of RCs trapped in their active and inac-
tive states, namely by freezing them under light or dark con-
ditions, respectively. Previous studies revealed that in RCs
frozen under light, the ET from QA

� to QB occurs efficiently
even at the cryogenic temperature of 50 K, whereas in RCs
frozen in the dark, this reaction slows with temperature and
stops below 200 K. These observations were interpreted
with the existence of different active conformational sub-
states occurring and trapped in the light condition, enabling
the reduction of QB (25,26). In our experiments, the
RCs cooled under continuous high illumination (details in
Supporting Materials and Methods) revealed a different
temperature dependence of the MSD compared to the RCs
cooled in the dark (Fig. 7). Specifically, in the region 120–
220 K, the light-adapted samples showed a higher rigidity
compared to the dark-adapted ones. This behavior is of
particular biological relevance because in this temperature
range, RCs undergo relaxation processes giving rise to the
coexistence of active and inactive conformational substates
separated by small energy barriers (25,26). We, hence,
strengthen our hypothesis that in purple bacteria RCs, a
more rigid core leads to a more efficient QA

� to QB ET.
QENS

The QENS intensity arises from atoms, which exchange
only small energy, and gives information on diffusive and
relaxation times properties providing insights into local dy-
namics. To quantify the relaxation time at room tempera-
6 Biophysical Journal 116, 1–10, May 7, 2019
ture, we hence measured the QENS spectrum probing the
local dynamics in the picosecond timescale, providing
also time parameters and characteristic lengths. The goal
was to investigate to which extent the internal molecular dy-
namics measured for the entire cell, in a complementary
timescale, was affected by the single point mutations and
to which extent it was similar to that found in similar organ-
isms (11,14,44). Because the energy resolution allows prob-
ing motions in the picosecond range and the global diffusion
of the whole cell does not contribute to the quasielastic
width, it was not taken into account in the model. As
detailed in the Supporting Materials and Methods, the data
have been fitted with a single Lorentzian function and
a d function. Given the complexity of the biomolecules,
the single Lorentzian provides an average indication of all
active motions; therefore, only a qualitative and general
comparison is possible. A typical example of data collected
on the IN6 time-of-flight instrument is reported in Fig. S2.

Fig. 8 shows the full width at half maximum (FWHM)
dependence on Q2 at room temperature for the native
(WT) and S264K, F265T, I163N mutants. We immediately
observe two features: 1) all mutants share exactly the
same Q2 dependence and amplitude profile of the FWHM;
and 2) the native sample retains the Q2-dependence profile
of the FWHM but with a reduced amplitude at large scale
(low Q). A decrease of amplitude corresponds to a slowing
down of the correlation time.

The observed 2G(Q) profile describes the existence of a
diffusion in a confined space in the low Q2 region coupled
to a well-known jump diffusion behavior at the larger Q2

values (short distance). In the low Q2 region, the 2G0(Q)
is constant up to 0.77 Å�1 for all samples, with a corre-
sponding nonzero intercept equal to 0.2 meV for the WT
and a nonzero intercept equal to 0.245 meV for the mutants.



FIGURE 8 FWHM of the Lorentzian function plotted versus Q2 for

native Chlamydomonas and D1 mutants I163N, S264K, and F265T. To

see this figure in color, go online.

FIGURE 9 (a) Relaxation time and (b) stretched exponential parameter

inferred from the fit to the intermediate scattering function at different

Q values for native and I163N strains. To see this figure in color, go online.
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Therefore, the corresponding correlation times are, respec-
tively,�6.5 ps for the native and 5.35 ps for the mutant cells.
The presence of a plateau region is usually a fingerprint of
constraint diffusions (geometrical constraints, local motions
such as local rotations). Given the complexity of the system,
we have taken into account the simplest model, which de-
scribes diffusion inside the volume of a sphere of radius a
(45). The model gives access to the local diffusion coeffi-
cient and the size of the explored volume, which allows a
simple comparison between the native green algae and
the mutant’s dynamics. In the Volino and Dianoux model
(46), 2G0(Q) is constant up to Q0 ¼ p/a and it is equal to
(4.33*D)/a2, where a is the radius of the sphere where
the diffusion D is the constraint. In this context, a ¼ 4 Å
and the diffusion coefficient is equal to 0.37 Å2*meV
(�5.5*10�5 cm2/s) for the native Chlamydomonas and
0.47 Å 2*meV (�7*10�5 cm2/s) for the mutants.

An equivalent a value was also extracted from the anal-
ysis of the elastic incoherent structure factor as a function
of Q (model and figure in Supporting Materials and
Methods). The inferred a value is in agreement with the
length scale explored by the motions in the Escherichia
coli cell (46) and proteins in solutions and is slightly larger
than hydrated powders and membrane proteins (�2 Å).

At larger Q2 values (local dynamics) the general behavior
could be analyzed with the jump diffusion model, which
considers a residence time t0 for one site before diffusing
to another site (47). The diffusion coefficient would be
slightly slower for the native cells. At high 2G (Q), all pro-
files approach a common plateau equal to 0.6 meV, which
corresponds to a correlation time of �2 ps.

In general, at large scale, the native photosynthetic cells
show an internal dynamics slower than that of the I163N,
F265T and S264K samples (i.e., both diffusion constants
are slower than in the mutated organisms and the correlation
times longer). The observed differences are very small;
however, they are still significant if we take into account
the similarity of the organism and high complexity of the
cells.

To qualitatively confirm these results, we analyzed the
experimental intermediate scattering function I(Q,w) for
two samples: WT and I163N (details in Supporting Mate-
rials and Methods).

We fit the time decay of FH(Q,t) to a stretched exponen-
tial form, where deviations from b ¼ 1 are signatures of a
pronounced slowdown in dynamic processes with a charac-
teristic relaxation time t, which is believed to be related to
spatial heterogeneity in the dynamics.

The analysis with a stretched exponential confirmed
important relaxation time dissimilarity at low Q values,
where the native cells revealed a longer relaxation time
compared to that of the I163N (Fig. 9 a). The b-exponent
(Fig. 9 b), which represents the level of the dynamics hetero-
geneity, isQ dependent and it is slightly higher for the native
Chlamydomonas cells. In both samples, the dynamics het-
erogeneity is more pronounced at low Q rather than at short
scale where it approaches 0.8–0.9 values. A general rela-
tively higher heterogeneity is observed in the I163N mutant
(b-values are the same for all mutants). A pronounced dy-
namic heterogeneity, which translates to a higher variety
Biophysical Journal 116, 1–10, May 7, 2019 7
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of active motions in the cell, could be related to dominant
chemically heterogeneous environment. It was already
observed that loss of distinct heterogeneity in the chemistry
results in a dynamic signature that looks more like normal
diffusion (48).
CONCLUSIONS

Probing the individual motions of hydrogen atoms, EINS
and QENS techniques applied to living cells enabled us to
characterize the active movements occurring in the different
biomolecule conformations deriving from genetically or
environmentally induced modifications of the native back-
ground. QENS and time-resolved laser-neutron (pump-
probe) experiments have been performed intensively to
study the dynamical properties of PSII-containing mem-
branes isolated from spinach plants, revealing a tem-
perature- and hydration-dependent dynamics controlling
protein functionality (11–15). However, EINS and QENS
studies on eukaryotic cells stably mutated in the photosyn-
thetic RC have not been reported yet, and indeed, a few
studies have been reported on in vivo whole cells because
of their biological complexity (49–52).

Here, we provide evidence that mutants hosting single
point mutations in the photosynthetic RC core proteins ac-
quire more flexibility in terms of MSDs and relaxation
time. Whereas in the nanosecond timescale, the degree of
the observed flexibility is related to the mutation site, in
the picosecond timescale, all mutants reveal the same dy-
namics. However, the relaxation dynamics, at the large
length scale, is more affected than the local dynamics
when compared to the native cells. We finally highlight
the presence of a more pronounced dynamic heteroge-
neity in all mutants compared to the native cells, which
could be related to a marked chemically heterogeneous
environment.

We have also demonstrated by prompt fluorescence mea-
surements of chlorophyll a in the S264K and F265T strains
that a more flexible environment in the PQ-binding niche is
associated to a less efficient ET from QA to QB. A similar
function/dynamics relationship was also demonstrated in
RCs of the purple bacteria R. sphaeroides trapped in active
or inactive conformational intermediate states (frozen in the
light or in the dark, respectively), indicating that flexibility
at the quinones region plays a crucial role in evolutionarily
distant organisms.

Indeed, the QA to QB ET in type II RCs is a well-known
example of a temperature-dependent mechanism, guided by
protein flexibility and transient conformational changes pro-
moting electron gating and QB reduction and protonation
(10,11,20,53,54).

We believe that the introduced mutations S264K and
F265T impose new dynamics (more flexibility) perturbing
the time evolution of conformational changes, breathing
motions, and charge distributions occurring in the PSII com-
8 Biophysical Journal 116, 1–10, May 7, 2019
plex during PQ-PQH2 exchange mechanisms. Our hypothe-
sis is supported by molecular dynamics simulations of the
native PSII embedded in a phospholipid bilayer model in
the presence of PQ or PQH2 within the QB-binding site
(34). The analyses, performed over a 50-ns simulation
time, revealed that the release of PQH2 is promoted by spe-
cific conformational changes, repulsive electrostatic interac-
tions, and remodeling of the H-bond network occurring
within a short region of the D1 protein shaping the walls
of the binding pocket (residues 258–268). More specifically,
the performed simulations indicated a pivotal role of the
S264 and F265 residues in orchestrating the H-bond inter-
actions with spatially neighboring D1 residues and in
providing the physico-chemical properties underlying the
intrinsic dynamics of the QB-binding pocket and PQ-
PQH2 exchange. Our work also provided experimental
proof that disruption of this H-bond network in the D1
site-directed mutants S264K and F265T results in impair-
ment of the QA-QB ET and also of the oxygen evolution
rates (34,35). Hence, in these cases, more flexibility is asso-
ciated to less functionality.

Instead, the intrinsically high flexibility measured in the
I163N strain is not associated to a reduced efficiency of
the ET rate, most likely because the mutation resides far
from the PQ-binding niche. It is intriguing that at the phys-
iological temperatures and in the nanosecond timescales,
the I163N mutant shows the higher degree of flexibility
compared to the other mutants. Moreover, in this mutant,
inelastic coherent neutron scattering experiments revealed
measurable alterations of the collective density fluctua-
tions of hydrating water, indicating a higher flexibility
compared to the native cells (55). Noteworthy, these fea-
tures are associated to a radiation-tolerant phenotype
able to maintain a high quantum yield of PSII photochem-
istry in extreme environmental conditions. Even if we
cannot provide the molecular mechanisms underlying
this stress tolerance yet, we can speculate that an increased
flexibility could favor a remodeling of the multiscale and
self-organizing intracellular assemblies whose hierarchical
ordering is governed mainly by weak noncovalent inter-
actions, optimizing the cell’s functionality in stressful
conditions.

Finally, beyond its crucial relevance to biology, a deep
understanding of the structure/function/dynamics relation-
ships of the photosynthetic complexes is expected to
advance fundamental knowledge on atomic perturbations
deriving by modifying the genetic background of living cells
and to promote biotechnological innovations including the
development of photoelectrochemical cells (56–58), bio-
photovoltaic systems (59–61), and biosensors (62–64).
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