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Abstract 

The kinetics of flash-induced re-reduction of the photosystem II (PS II) primary electron donor P680 

was studied in solution and in trehalose glassy matrices at different relative humidity. In solution, and 

in the re-dissolved glass, kinetics were dominated by two fast components with lifetimes in the range 

of 2–7 µs, which accounted for >85% of the decay. These components were ascribed to the direct 

electron transfer from the redox-active tyrosine YZ to P680
•+. The minor slower components were due 

to charge recombination between the primary plastoquinone acceptor QA
•− and P680

•+. Incorporation 

of the PS II complex into the trehalose glassy matrix and its successive dehydration caused a 

progressive increase in the lifetime of all kinetic phases, accompanied by an increase of the 

amplitudes of the slower phases at the expense of the faster phases. At 63% relative humidity the fast 

components contribution dropped to ~50%. A further dehydration of the trehalose glass did not 

change the lifetimes and contribution of the kinetic components. This effect was ascribed to the 

decrease of conformational mobility of the protein domain between YZ and P680, which resulted in 

the inhibition of YZ → P680
•+ electron transfer in about half of the PS II population, wherein the 

recombination between QA
•− and P680

•+ occurred. The data indicate that PS II binds a larger number 

of water molecules as compared to PS I complexes. We conclude that our data disprove the "water 

replacement" hypothesis of trehalose matrix biopreservation. 

 

 

Key words: photosystem II, electron transfer, trehalose, matrix effect, protein dynamics 
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1. Introduction  

The incorporation of proteins into glassy matrices formed by the disaccharide trehalose 

represents a valuable approach to unravel the intimate association between internal protein motions 

and protein function. Due to its high glass transition temperature [1], trehalose can form solid 

amorphous matrices at room temperature even at high hydration levels. By reducing progressively 

the content of residual water within the glassy matrix, a tight dynamical coupling between the 

embedded protein and the increasingly stiffened matrix is established, which results in a progressive 

retardation of the conformational dynamics of the incorporated protein. Under extreme dehydration 

(corresponding to about 0.5 water molecule per trehalose molecule of the matrix), a dramatic 

hindering of internal protein motions can be attained (for reviews see [2-4]). This makes possible to 

investigate at room temperature the role of protein dynamics in specific protein catalytic events, 

avoiding the freezing of the protein to cryogenic temperatures to reduce internal protein motions. As 

an additional advantage, the incorporation into dehydrated trehalose glasses results in extraordinary 

thermal stabilization of the embedded protein; when incorporated into the trehalose solid matrix, even 

labile proteins can withstand high temperatures without undergoing thermal denaturation [5-8].  

In a series of previous studies [9-15] we have addressed trehalose matrix effects on the electron 

transfer processes catalyzed by the bacterial photosynthetic reaction center (bRC) from Rhodobacter 

(Rba.) sphaeroides. We showed that the incorporation of the bRC into trehalose glassy matrices at 

low water content deeply affects both the forward electron transfer from the primary QA
•- to the 

secondary quinone acceptor QB and the kinetics of charge recombination between the primary 

quinone acceptor QA
•- and the primary electron donor (P•+). The former reaction was reversibly and 

heterogeneously inhibited [10], mimicking at room temperature the behavior observed when hydrated 

bRCs are frozen in the dark at cryogenic temperatures [16], and providing evidence for a 

conformationally-gated electron transfer mechanisms [17]. In progressively dehydrated trehalose 

glasses, the kinetics of P•+QA
•- recombination became progressively faster and non-exponential [9], 

showing that the conformational relaxation from the dark- to the light-adapted state, which stabilizes 

the primary P•+QA
•- charge separated state [18], as well as the interconversion among bRC 

conformational substates, are completely blocked within the trehalose glass, on the time scale of 

charge recombination. The study of trehalose-matrix effects on long range electron transfer has been 

subsequently extended to the cyanobacterial photosystem I (PS I) [19, 20], characterized by a much 

higher structural complexity, as compared to bRC. It was found essentially that, again mimicking low 

temperature effects [21], dehydration of the trehalose matrix caused a progressive block of the 

forward electron transfer from FX
- to the terminal FA/FB acceptors in an increasing fraction of the PS 

I population, and that, under the driest condition of the trehalose matrix, also the forward electron 
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transfer from the photoreduced phylloquinones A1A
•− and A1B

•− in the symmetrical branches of redox-

cofactors to the iron-sulfur 4Fe4S clusters FX, FA and FB was prevented in a PS I sub-population. 

Matrix dehydration resulted in progressively more distributed kinetics of P700
•+FX

•− recombination, 

revealing, as already observed in the case of bRCs, the trapping of PS I conformational substates at 

room temperature. It is noteworthy that parallel high-resolution EPR investigations, performed on 

both bRCs [12] and PS I complexes [19], indicated that the embedding into dehydrated trehalose glass 

did not affect the distance and relative orientation of cofactors involved in electron transfer. It can 

therefore be concluded that embedded proteins are softly confined by trehalose glasses [4], and that 

the observed trehalose matrix effects on electron transfer processes can be essentially ascribed to 

inhibition of the protein conformational dynamics. 

Encouraged by the results summarized above, we have exploited in the present work the use of 

trehalose glasses to examine matrix effects on electron-transfer reactions catalyzed by the other 

photosystem, Photosystem II (PS II), of oxygenic photosynthesis, for which low-temperature studies 

[22, 23] suggest a role of protein internal dynamics in electron transfer.  

PS II enzymatically functions as light-driven water-plastoquinone oxidoreductase. PS II core 

complexes (~350 kDa for monomer), containing the minimal set of proteins required to oxidize water 

in vitro [24, 25], are highly conserved between cyanobacteria, plants and algae [26, 27]. The redox-

active cofactors, which reside in the D1D2 reaction center (RC) and carry out light-induced charge 

separation, include four chlorophyll (Chl) a molecules and two pheophytin a molecules. The  primary 

(QA) and secondary (QB) plastoquinone molecules are reduced in sequence on the acceptor side of 

the RC [28, 29]. The water-oxidizing complex (WOC), located at the donor side of PS II, consists of 

an inorganic Mn4CaO5 metal cluster bound to the surrounding protein matrix [25]. 

The extrinsic proteins of PS II (named PsbO, PsbU, and PsbV in the case of cyanobacteria; 

PsbO, PsbP, PsbQ, and PsbR in higher plants) shield the catalytic Mn4CaO5 cluster from exogenous 

reductants (reviewed in [30, 31]). The two integral membrane protein subunits CP43 and CP47, 

attached to both sides of the RC, contain Chl a and β-carotene molecules and act as internal antenna 

complexes [25, 32]. These antenna proteins are in close contact with the membrane-extrinsic subunits 

[32].  

Following photon absorption  electron transfers from the primary electron donor, P680, to the 

primary quinone acceptor QA resulting in the formation of an ion-radical pair (P680
•+QA

•−) within ~ 

250 ps. Under physiological conditions, the reduction of P680
•+ occurs because of transfer of an 

electron from the redox-active tyrosine-161 of D1 subunit of PS II (denoted in the following as YZ) 

in the nanosecond (20-250 ns) time range. In doing so, YZ radical cation is stabilized by losing a 

proton to the neighboring D1-His190 in a reversible fashion, forming a neutral tyrosine radical (YZ
•) 
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[33-37]. Two different chemical reactions, namely reduction of plastoquinone (PQ) to 

plastohydroquinone (PQH2) in the QB-site (after two turnovers of PS II) and oxidation of water to 

molecular oxygen (after four turnovers of PS II) (see [38-41] for details) take place on the acceptor 

and donor sides, respectively.  

The water-splitting process involves the dark stable S1, and S2, S3 and S4 intermediate states of 

the WOC of PS II [37, 41]. A complete enzyme turnover takes ~10 ms [40] and is limited by the 

slowest reactions on the quinone reduction side of PS II [42]. Outlined above reactions are spatially 

separated and occur on different sides of the RC in the thylakoid membrane (see Figure 1).  It should 

be stressed that within the PS II RC complex the WOC is highly susceptible to photo-oxidative 

damage and other stress conditions (see [43] and Refs therein).  

 

 
Figure 1. Arrangement of electron transfer cofactors in photosystem II, based on the cryo-EM structure of the 
complex from spinach (pdb-code:3jcu). The primary electron donor P680 (orange) and quinone acceptor QA 
(magenta) are represented by thick wireframe models, accessory chlorophylls ChlD1 and ChlD2 and pheophytins 
a PheoD1 and PheoD2 by thin wireframes; the metal cluster of the water-oxidizing complex is shown as Van der 
Waals spheres. Blue arrows indicate forward electron transfer reactions from P680 to QA and from tyrosine YZ 
to the photoxidized P680; the red arrow indicates charge recombination between P680

•+ and QA
•−. D1-His190 

residue, stabilizing the cation on YZ, is shown in violet. 

Removal of the Mn4CaO5 cluster from the intact PS II core complex results in significant 

retardation of the YZ → P680
•+ electron transfer. The oxidation of tyrosine YZ in Mn-depleted 

complexes exhibits half-lives of ~ 30 μs at pH 4, ~ 5 μs at pH 6.5 and ~ 180 ns above pH 8.5 [23, 44-

46] and this reaction shows a kinetic H/D isotope exchange effect [35, 47, 48]. It is believed that the 

phenolic side chain of YZ is most likely protonated in the reduced state and deprotonated in the 

oxidized state. The transferred proton is thought to be accepted by D1-His190, which forms a 
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hydrogen bond to YZ [35, 48]. The slowing of the rate of charge transfer in Mn-depleted samples can 

be due to the alteration of the local dielectric permittivity of the surrounding protein [49], to 

rearrangement of the hydrogen-bonding network, as well as to perturbation of pK-values [23, 35]. 

Based on the measurements of the fluorescence of PS II membrane fragments, it was long believed 

that when the Mn4CaO5 cluster is impaired, Em(QA
−/QA) is significantly upshifted (100 mV) [50-52]. 

It is also known that upon inactivation of the Mn-cluster, the values of Em(QB
−/QB) and Em(Fe2+/Fe3+) 

change slightly [53, 54]. It was thus proposed that the resulting large ΔG decrease of QA
− → QB 

electron transfer shifts the electron transfer equilibrium from QB
− to QA in a fraction of PS II, 

facilitating direct charge recombination between  QA
•− and P680

•+ [54]. However, the mechanism of 

this long-distance interaction between the Mn4CaO5 cluster and QA (∼40 Å) in PS II remains 

unresolved. In addition, the determination of the structure of PS II complexes showed that removal 

of the Mn-cluster did not result in any discernible movement of subunits or domains either on the 

donor or on the acceptor sides of PS II [55]. Finally, reinvestigation the Em(QA
−/QA) using FTIR 

spectroelectrochemistry, which can directly monitor the redox state of QA showed that the 

Em(QA
−/QA) value is not affected by depletion of the Mn-cluster [56]. The authors thus concluded 

that the Mn4CaO5 cluster does not directly regulate the redox potentials of the iron-quinone electron 

acceptors, although the effect of the extrinsic proteins is still a question to be answered. 

Normally recombination of P680
•+QA

•− is prevented because P680
•+ oxidizes YZ with polyphasic 

kinetics in the 10-7 to 10-5 s time range [47]. The kinetics of PS II charge recombination is well 

characterized when forward electron transfer from YZ is blocked, as a result of inactivation of the 

WOC and pre-illumination of PS II samples to keep YZ oxidized [57]. A characteristic time for 

P680
•+QA

•− recombination of near 170 µs is then observed in plant PS II [44, 57-59]. In mutant 

cyanobacterial YZ-less PS II complexes, the kinetics of P680
•+QA

•− appear to be slower by almost one 

order of magnitude [60-62].  

The effect of dehydration has been studied in films formed by PS II membrane fragments under 

defined relative humidity [63], focusing on the photoaccumulation of QA
•− and redox reactions on the 

donor side induced by continuous illumination. It was concluded that hydration does not affect light-

induced charge separation, but severely impairs the reduction of QB by QA
•−  and the reactions of the 

water splitting complex. 

 In the present work, we have examined trehalose matrix effects on the kinetics of reduction of 

P680
•+ photoxidized by a laser pulse in Mn-depleted PS II complexes, as a function of the residual 

water content of the trehalose glass. We have found that, upon reducing progressively the hydration 

of the matrix, the electron transfer from YZ is blocked in an increasing fraction of the PS II population, 
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allowing kinetic analysis of P680
•+QA

•− recombination, which accounts for about 50% of P680
•+ re-

reduction at sufficiently low hydration values. 

 

2. Materials and methods  

2.1 Isolation of PS II complexes 

Highly active PS II core complexes were prepared from market spinach according to Haag and 

coworkers [64] by treatment of the membrane fragments with n-dodecyl β-D-maltoside (DM) (10:1, 

detergent/chlorophyll) for 1 h followed by sucrose density centrifugation (20-40%) for 16 h at 145000 

g. After preparation, samples were frozen in liquid nitrogen and stored at −70 °C in 50 mM MES (2-

morpholinoethanesulfonic acid, pH 6.5), 10 mM NaCl, 20 mM CaCl2, 0.03% (w/v) DM (buffer A) 

in Eppendorf vials at a Chl concentration of 2–3 mg/mL. The Chl a/Chl b ratio was 6. A quantitative 

determination of the Chl content of the PS II core complex revealed about 50 Chl a 

molecules/complex. The rate of O2 evolution under continuous illumination with saturating white 

light at 23 °C was about 1600–1700 µmol mg Chl−1 h−1. Chl concentration was determined in 80% 

acetone-water mixture according to [65].   

Mn-depleted PS II particles were prepared by incubation of PS II core complexes (0.5 mg Chl 

mL−1) in an equal volume of buffer containing 0.8 M Tris–HCl (pH 8.3) and 2 mM EDTA under dim 

light for 30 min at 23 °C. The PS II suspension was then washed three times with 25 mM MES-NaOH 

(pH 6.5) and finally resuspended in buffer A.  

 

2.2 Sample preparation and determination of residual water content in trehalose-PS II glassy 

matrices 

Trehalose-PS II glassy matrices were prepared following essentially the procedure previously 

used to incorporate into trehalose glasses bRCs [14] and PS I [19]. Trehalose (>99% purity) was used 

as supplied by Sigma-Aldrich. To obtain trehalose-PS II glasses characterized by a trehalose/PS II 

molar ratio equal to 104, a 50 µL drop, containing typically PS II corresponding to 1.15 mg Chl/mL 

in 50 mM MES, pH 6.5, 0.03% (w/v) DM, 250 mM trehalose, 5 mM NaCl, 10 mM CaCl2, was 

deposited on a CaF2 optical window and dried at room temperature by gently flowing N2 gas on its 

surface. Amorphous matrices characterized by different trehalose/PS II molar ratio were prepared by 

keeping constant the PS II concentration and adjusting appropriately the trehalose concentration. 

The hydration of the trehalose-PS II glassy matrix was controlled by the isopiestic method 

described in detail in [66, 67]. The optical window, on which the glass was formed, was inserted in a 

gas-tight holder and equilibrated with different saturated salt solutions placed at the bottom of the 

holder to provide defined values of relative humidity r. We used the following saturated salt solutions 
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to obtain, at room temperature, the different r values (indicated in brackets): NaCl (74%), NH4NO3 

(63%), Mg(NO3)2 (53%), K2CO3 (43%), MgCl2 (33%), LiCl (11%), NaOH·H2O (6%) [68]. 

The content of residual water in the trehalose-PS II matrices was determined from the area 

under the NIR (ν2 +ν3) combination band of water at 5155 cm−1 as described in [19], using an 

absorptivity value of 102 absorbance unit nm M−1 cm−1. As an internal standard, we used the NIR 

trehalose band at 4760 cm−1 which is ascribed to combinations of C-O-H bending and OH stretching 

modes [69, 70]. For this trehalose band an absorptivity value of (3.3 ± 0.3) 102 nm M−1 cm−1 has been 

previously determined [19]. NIR spectra were acquired by using a Jasco Fourier-transform 6100 

spectrometer equipped with a DLATGS detector as described in [66].  

 

2.3 Near-infrared time-resolved optical spectroscopy and data analysis 

The kinetics of re-reduction of the primary electron donor P680
•+ photoxidized by a flash of light were 

studied by recording the transient absorption changes  at 820 nm [71], using an optical bench of local 

design. The monitoring beam (25 mW output power), provided by a L808P200 laser diode (Thorlabs, 

Newton, NJ, USA), was collimated by a single lens placed between the laser diode and the sample 

holder. This allowed to position the detector at a large (>50 cm) distance from the sample, thus 

reducing the solid angle of fluorescence  collection from the sample by the detector. In fact, a limit 

in the measurement of fast absorbance transients at 820 nm comes from the flash-induced 

fluorescence of the sample. The set up described above significantly decreased fluorescence artifacts, 

allowing the measurements of absorption change after a few hundreds of nanoseconds following the 

laser flash. In order to determine precisely the residual artifact, control measurements were performed 

in which the detector signal was recorded after a laser pulse in the presence of PS II samples  with 

the 820 nm measuring beam switched off. The signal (see Figure S2 of Supplementary Material) 

completely vanishes 350 ns after the laser pulse. In view of this, when examining absorbance changes 

at 820 nm, the initial, rapidly decaying transient corresponding to the duration of the artifact was 

omitted. The NIR radiation was detected by a reverse-biased PIN silicon photodiode, matched to a 

Thorlabs, PDA36A amplifier with 17 MHz bandwidth. The photodiode was shielded from scattered 

excitation light by a long-pass glass filter (780 nm cut-on wavelength) and by a 10−4 blocking, 10 nm 

bandwidth interference filter centered at 820 nm.  

Pulsed photoexcitation of PS II was accomplished by a sulforhodamine B dye cavity (Pulsed 

Dye Laser RDP-1, Radiant Dyes Laser GmbH, Wermelskirchen, Germany), emitting at 587 nm, 

pumped by a frequency doubled Q-switched Nd:YAG laser (Handy 710, Quanta System, Milano, 

Italy) delivering 7 ns width pulses at 532 nm. The energy of photoexcitation pulses at 587 nm, 

measured on the sample, was 8 mJ. The plane of the optical window carrying the trehalose-PS II 
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matrices formed a 45° angle with both the measuring and excitation laser beams in order to minimize 

reflection of the excitation pulse towards the detector. 

Transient signals from the detector amplifier were digitized by a LeCroy 9410 digital 

oscilloscope interfaced to an Olivetti M290 personal computer. In order to capture with the 

appropriate time resolution the entire decay kinetics, covering four orders of magnitude in time, 

generally three kinetic traces were collected in sequential, separate measurements, by using sweeps 

of increasing duration and sampling time (100 µs sweep, sampled every 0.01 µs; 2.5 ms sweep, 

sampled every 0.25 µs; 10 ms sweep, sampled every 1 µs). In the overlapping time intervals an 

excellent agreement between the traces at different time resolution was found. The final trace, which 

was used in the kinetic analysis, was obtained by merging the kinetic traces acquired on the different 

time scale, avoiding overlapping and keeping the maximal resolution available. Typically 200 signals 

were averaged at 1 Hz pulse repetition rate. 

Measurements on PS II solution were performed on a 120 µL volume in a quartz cuvette with 

10 mm optical path length, containing PS II corresponding typically to 200 µM Chl in 50 mM MES, 

pH 6.5, and 0.03% (w/v) DM.  

The numerical analysis of multiphasic kinetic signals has been performed by using different 

software programs, i.e. the CONTIN [72] program, The MemExp 4.0 package [73, 74], the IGOR 

Pro software (Wavemetrics, Lake Oswego, OR, USA), and locally developed QBasic routines. 

Confidence intervals of the fitting parameters have been evaluated numerically through an exhaustive 

search methods [75, 76] as described in detail in [13]. 

Molecular graphics and analyses of water bound to the PS II complex have been performed 

with the program UCSF Chimera [77]. 

 

3. Results 

3.1 The hydration of trehalose-PS II glassy matrices under controlled relative humidity 

When studying matrix effects in disaccharide-protein glasses, the control of the hydration level 

of the glassy matrix and the determination of the residual water content are of utmost importance. 

The structural and dynamical properties of trehalose amorphous matrices have been shown in fact to 

be critically determined by their hydration level [78], which additionally governs the dynamical 

coupling between the trehalose matrix and the embedded protein, strongly affecting the extent of 

protein conformational immobilization within the glass [2, 9, 79]. We have therefore primarily 

studied water sorption by trehalose-PS II glassy matrices, equilibrated at different values of relative 

humidity. As detailed under Materials and methods, the hydration level of the trehalose-PS II matrices 

has been controlled over a wide range by exposing the amorphous samples to atmospheres of defined 
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relative humidity provided by different saturated salt solutions. The content of residual water in the 

protein disaccharide glass has been determined by FTIR spectroscopy from the area of the (υ2+υ3) 

combination band of water centered at 5155 cm-1. NIR spectra recorded in a trehalose glass 

incorporating Mn-depleted PS II complexes, equilibrated at different values of relative humidity, are 

shown in Figure S1 of Supplementary Material. Spectroscopic measurements were performed directly 

on the glassy matrix exposed to the saturated atmosphere inside the sample holder. This allowed to 

monitor hydration changes during the incubation at any defined relative humidity, checking the 

attainment of steady water contents, i.e. of equilibrium.  

The results of a series of such measurements are collected in Table 1, which shows the water 

content, expressed as water/trehalose molar ratio, measured in trehalose glasses embedding intact or 

Mn-depleted PS II complexes, equilibrated at relative humidity r ranging between 53% and 6%. 

Consistent results have been obtained following dehydration and re-hydration sequences, confirming 

the attainment of equilibrium water sorption values and the absence of hysteresis effects. For the sake 

of comparison, Table 1 includes data obtained in a previous study performed by using a similar 

approach in trehalose-PS I glasses [19]. Upon decreasing the relative humidity from 53% to 33%, the 

residual water content of trehalose glasses incorporating both intact or Mn-depleted PS II complexes 

decreases progressively, but equilibration at lower values of relative humidity, even under extremely 

drying conditions (r=6%), does not further affect, within the experimental error, the hydration level 

of the matrix, which remains steadily around 1.1 and 1.3 water per trehalose molecule for the matrices 

containing Mn-depleted and intact PS II complexes, respectively. This behaviour is at variance with 

what observed in trehalose-PS I glassy matrices, where the content of residual water decreases 

monotonically upon decreasing the relative humidity from r=53 to r=11% [19]. Additionally, the 

hydration of the trehalose-PS I matrices is systematically lower than that of trehalose-PS II glasses, 

particularly in extensively dried matrices, reaching contents of residual water per trehalose molecule 

as low as ∼0.5 at r=11% [19]. This value coincides, within the experimental uncertainty, with that 

determined in a binary trehalose-water glassy matrix [78], in the absence of any protein complex. The 

values of water/trehalose molar ratios determined in trehalose-protein matrices result from the overall 

hydration of the system, and therefore include in principle water molecules adsorbed to the bulk 

trehalose matrix as well as water molecules bound to the embedded protein, belonging to the residual 

protein hydration shell (see Discussion). The former contribution (water bound to bulk trehalose 

molecules) is expected to prevail in the matrices examined in Table 1, which are characterized by a 

very high trehalose/protein molar ratio (between 104 and 105). The coincidence of the hydration 

detected at r=11% in trehalose-PS I glasses and in glasses formed only by trehalose, at the same 

relative humidity, suggests that the number of water molecules bound to the PS I complexes is 
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sufficiently low to be negligible in comparison with the total number of water molecules bound to the 

bulk trehalose matrix embedding the protein complex, at least at the high trehalose/PS I molar ratio 

characterizing the matrix (∼7·104). Quite remarkably this conclusion does not hold in the case of 

trehalose-PS II glasses, which, although being characterized by a trehalose/PS II molar ratio of the 

same order of magnitude (∼5·104) of trehalose-PS I matrices, exhibit at r=11% a value of water per 

trehalose molecule more than two times higher. This finding indicates that the hydration shell of PS 

II complexes includes a number of water molecules much higher than PS I, and that such a large 

protein hydration is retained within the trehalose matrix at low (r=11%) relative humidity. 

Interestingly, at variance with what observed in trehalose-PS I glasses, the equilibrium hydration of 

the trehalose-PS II glassy matrices remains constant upon decreasing the relative humidity from 33% 

to 6%, suggesting that such a higher hydration results from the contribution of a large pool of water 

molecules, tightly bound to the PS II complex, which are not removed even under extremely drying 

conditions (r=6%).  

 

Table 1. Residual water content of trehalose glasses embedding Mn-depleted PS II, intact PS II, and PS I 

complexes, equilibrated at different values of relative humidity, r (see section 3.1 for details). Where indicated, 

standard errors have been calculated from measurements on at least 5 different matrices equilibrated at the 

indicated r values 

 

relative humidity, r (%) 6 11 23 33 43 53 

H2O/trehalose molar ratio 

Mn-depleted PS II-

trehalose glassa 

1.05±0.05 1.16±0.07 1.04±0.02 1.09±0.03 1.72±0.08 2.65±0.02 

H2O/trehalose molar ratio 

Intact PS II-trehalose 

glassb 

1.33±0.03 1.31±0.01 1.31±0.02 1.33±0.02 1.57±0.05 2.73±0.05 

H2O/trehalose molar ratio 

PS I-trehalose glassc 
- 0.45 - 0.86 1.45 2.22 

a matrix characterized by a trehalose/PS II molar ratio equal to 4.8·104 
b matrix characterized by a trehalose/PS II molar ratio equal to 3.5·104 
c matrix characterized by a trehalose/PS I monomer molar ratio equal to 6.7·104. Data are from reference [19] 

The much larger amount of water bound to the PS II complex suggested by the results of Table 1, as 

compared to PS I, is consistent with the much larger number of bound water molecules identified in 

the crystallographic structure of the former complex (see Discussion). 
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3.2 The effect of dehydration on the re-reduction kinetics of P680
•+ photoxidized by a light pulse in 

trehalose-PS II glassy matrices 

Figure 2 shows the kinetics of P680
•+ decay after a 7 ns width laser pulse, as measured at room 

temperature by the optical absorption change at 820 nm, in solution (50 mM MES, pH 6.5, 0.03% 

(w/v) DM) and in a trehalose-PS II glassy matrix, characterized by a trehalose/PS II molar ratio of 

104. Original, not normalized kinetic traces are shown in Figure S3 of Supplementary Material. 

Following vitrification under nitrogen flow, the trehalose-PS II amorphous matrix was dehydrated by 

equilibration at a relative humidity r=11%, in the presence of a saturated LiCl solution, and 

subsequently rehydrated by incubation with the appropriate saturated salt solution, yielding the 

desired increasing relative humidity values: r=33%, r=43%, r=63%, and r=74%. At r > 74% the 

glassy matrix melted. Kinetics were measured at the indicated r values or during incubation, before 

attainment of equilibrium. At the different hydration tested, immediately after the acquisition of the 

kinetics, the water content of the glassy matrix was determined by FTIR, as described in Materials 

and methods. Two representative kinetics, measured in a very wet and extensively dried matrix, 

equilibrated at r=74% and r=11%, respectively, are represented in Figure 2. Both in solution and in 

the glassy matrix, multiphasic kinetics are observed, spanning more than three orders of magnitude 

in time. Incorporation of the PS II complex into the trehalose glass and dehydration at r=11% results 

in a drastic overall slowdown of P680
•+ decay as compared to solution, leading to the increase of the 

overall half-life of the kinetics by more than one order-of-magnitude. Upon humidification of the 

glassy matrix (equilibrated at r=74%) the overall kinetics become faster, but are still strongly retarded 

as compared to those observed in solution.  

 

 
Figure 2. Decay kinetics of P680

•+ following photo-oxidation by a laser pulse, as measured by NIR absorption 
spectroscopy at 820 nm. Kinetics recorded in solution (a) and in a trehalose-PS II glassy matrix equilibrated 
at two values of relative humidity, r = 74% (b) and r = 11% (c) are shown. Following dehydration at r = 11% 
the glass was re-dissolved  and kinetics measured in the liquid re-suspended complex (d). Red lines represent 
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best fitting obtained by using the program MemExp. Residuals of the fit are shown in Figure S3 of 
Supplementary Material for the original, not normalized traces. See section 3.2 for additional details. 

The matrix effects described above are fully reversible, as shown by the trace acquired after re-

dissolving the glass, which exhibits kinetics quite similar to those recorded in a fresh PS II solution. 

The analysis of multiphasic kinetic signals, like those shown in Figure 2, in terms of exponential 

processes poses often non-trivial problems. Kinetics can generally be interpreted as a sum of discrete 

exponential components, and the amplitude and lifetime for each kinetic phase is commonly 

determined by nonlinear least squares algorithms. Conventional nonlinear least squares procedures 

require, however, that the number of exponentials is specified a priori in the model. In addition, as 

the number of exponential phases increases, the search for optimal parameters can become 

ambiguous, depending on the initial values assigned, due to the existence of multiple chi-square 

minima. Alternatively, kinetics can be interpreted as reflecting continuous lifetime distributions [80], 

which can be in principle obtained from the kinetics using regularization methods, like the Tikhonov-

Phillips method [81], implemented in the program CONTIN [72], and the maximum entropy method 

(MEM) [82]. In a first approach, we have fitted each kinetic signal of P680
•+ decay to the sum of a 

variable number of discrete exponentials by using locally developed least-squares minimization 

routines, based on the Levenberg-Marquardt algorithm [83], as well as the IGOR Pro software 

(Wavemetrics, Lake Oswego, OR, USA). In parallel, kinetics have been fitted to quasi-continuous 

lifetime distributions by using the CONTIN program [72]. Following this explorative analysis, in 

order to choose among the different descriptions of the kinetics (sum of three or four exponential 

decays or continuous lifetime distributions including a number of resolvable components varying 

between three and five) we have adopted the MemExp software package [73, 74], which combines 

the MEM and non-linear least squares fitting to analyze kinetics in terms of both continuously 

distributed and discrete lifetimes. MemExp offers distinctive advantages: (a) it makes no a priori  

assumption on the number of discrete exponential phases, but adds exponential components one at a 

time and initializes fitting parameters based on the quasi-continuous distribution yielded by the MEM; 

(b) it selects an optimal distributed and discrete description of the kinetics; (c) it helps in choosing 

between these two alternatives by providing, besides the chi-square value of the fit, the correlation 

length of the residuals and the number of sign changes amongst residuals throughout the temporal 

range of the data. In Supplementary Material we provide detailed information on the different 

simulation approaches employed, i.e.: the kinetic parameters obtained by fitting kinetics to the sum 

of 3 exponential decays (Table S1), the comparison between the reduced chi-square corresponding to 

the best fit of the kinetics to the sum of 3 or 4 exponential decays (Table S2), the continuous 

distributions obtained by using the MemExp program (Figure S4), the comparison between 
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correlation length of the residual and number of sign changes amongst residuals corresponding to 

description of the kinetics by continuous lifetime distributions or by the sum of discrete exponential 

decays. Based on these parameters, we have concluded that the use of quasi-continuous lifetime 

distributions does not improve the description of the whole set of kinetic data, and that the sum of 4 

discrete exponential components is the optimal choice to account for the kinetics recorded both in 

solution and in the glassy matrices at different relative humidity.  

The results of the analysis described above are summarized in Figure 3, which shows the 

lifetime (panel A) and amplitude (B) of each kinetic phase as a function of the content of residual 

water within the trehalose-PS II glassy matrix. Best fitting lifetimes and amplitudes are also reported 

for the kinetics measured in solution (50 mM MES, pH 6.5, 0.03% (w/v) DM) in the absence of 

trehalose and in the presence of a high (1.12 M) trehalose concentration. The latter solution is 

hereinafter referred to as “trehalose molasses”. Numerical values of the best fitting kinetic parameters 

are given in Table 2. In solution, and in the re-dissolved glass, kinetics are dominated by the two 

fastest components (phase 1 and 2), characterized by lifetimes of about 2 µs and 6 µs, respectively, 

each kinetic phase accounting for about 40-50% of the total signal amplitude. The two residual 

components (phase 3 and 4) exhibit well separated lifetimes (∼30µs and ∼400 µs respectively); the 

relative contribution of phase 4 is about 2% of the overall signal.  

 

 

 

Table 2. Kinetic parameters obtained by fitting kinetics of P680
•+ re-reduction to the sum of discrete 

exponential decays by using the program MemExp. Calculated confidence intervals within 2 standard 

deviations are given in brackets (see Materials and methods for details). 

H2O/trehalose 
molar ratio  Kinetic phase 

1 2 3 4 

 
1.0 

τ (µs) 
 

A (%) 

4.1  (3.7, 4.4) 
 

28.3  (26.5, 29.9) 

20.0  (17.6, 22.9) 
 

19.2 (17.3, 20.6) 

172  (155, 192) 
 

20.4  (19.6, 21.0) 

1157  (1118, 1199) 
 

32.1  (31.2, 33.0) 

 
1.2 

τ (µs) 
 

A (%) 

4.1  (3.1, 5.2) 
 

28.1  (22.0, 33.1) 

18.2  (14.8, 23.4) 
 

19.4  (16.9, 22.3) 

146  (126, 170) 
 

21.0  (19.9, 22.6) 

1104  (1063, 1154) 
 

31.5  (30.4, 32.4) 

 
1.7 

τ (µs) 
 

A (%) 

4.1  (3.7, 4.3) 
 

30.0  (28.2,31.6) 

19.3  (17.0, 22.1) 
 

20.5  (19.0, 21.9) 

140  (116, 172) 
 

17.6  (16.2, 19.2) 

928  (826, 1097) 
 

31.9  (30.7, 33.1) 

2.0 
τ (µs) 

 
A (%) 

4.4  (3.8, 5.1) 
 

25.4  (22.4, 28.2) 

20.1  (16.9, 24.5) 
 

22.9  (20.6, 25.1) 

146  (132, 164) 
 

26.9  (25.7, 28.0) 

1072  (1023, 1129) 
 

24.8  (23.6, 25.6) 

2.7 
τ (µs) 

 
A (%)  

4.9  (4.5, 5.4) 
 

26.5  (24.8, 28.3) 

26.1  (22.6, 31.0) 
 

22.5  (21.4, 23.6) 

148  (136, 163) 
 

28.4  (26.7, 29.7) 

1198  (1151, 1246) 
 

22.6  (21.8, 23.2) 
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4.5 
τ (µs) 

 
A (%) 

5.9  (5.0, 6.7) 
 

32.9  (30.1, 35.0) 

33.6  (23.5, 46.9) 
 

18.0  (14.1, 21.5) 

160  (113, 270) 
 

20.4  (16.5, 23.5) 

1065  (889, 2378) 
 

28.7  (25.2, 30.4) 

9.2 
τ (µs) 

 
A (%) 

4.3  (3.9, 4.6) 
 

34.4  (32.6, 36.1) 

24.2  (22.8, 25.8) 
 

45.0  (43.5, 46.4) 

172  (144, 205) 
 

11.7  (10.6, 12.8) 

1542  (1347, 1812) 
 

8.9  (8.1, 9.4) 
1.12 M 

trehalose 
molasses 

τ (µs) 
 

A (%) 

3.4  (3.1, 3.6) 
 

43.3  (39.5, 46.9) 

11.0  (10.1, 11.9) 
 

45.0  (42.1, 48.0) 

64.6  (57.3, 74.0) 
 

9.6  (8.5, 12.3) 

1617  (1388, 1901) 
 

2.1  (1.9, 2.3) 

solution 
τ (µs) 

 
A (%) 

2.0  (1.7, 2.4) 
 

49.8  (45.3, 55.7) 

6.9  (6.5, 7.3) 
 

35.0  (33.2, 36.3) 

32.4  (30.7, 34.5) 
 

13.0  (12.3, 13.6) 

369  (330, 413) 
 

2.2  (2.0, 2.4) 

resuspended 
glass 

τ (µs) 
 

A (%) 

1.7  (1.5, 1.9) 
 

42.5  (40.3, 44.9) 

5.2  (5.0, 5.3) 
 

44.5  (43.4, 45.5) 

28.9  (27.6, 30.2) 
 

11.1  (10.6, 11.4) 

424  (385, 466) 
 

1.9  (1.8, 2.0) 
 

 

 

Addition of trehalose at high concentration (molasses) leads to a significant increase in the lifetime 

of all four kinetic phases, without substantially affecting their relative amplitudes. Incorporation of 

the PS II complex into a trehalose glass and its dehydration causes an additional progressive increase 

in the lifetime of the kinetic phases (except for phase 4), accompanied by a decrease of the amplitudes 

of the two fastest phases, compensated by an increase of the contribution of the slower phases 3 and 

4. This effect is already observable in a very wet amorphous matrix, characterized by an overall water 

content corresponding to about 9 water molecules per trehalose molecule. Under these conditions the 

lifetime of phase 1 and 2 increases by a factor of ∼2 and ∼4, respectively, as compared to the 

corresponding lifetimes measured in solution; an even larger slowing (by a factor of 5 and 4 

respectively) is found for phase 3 and 4. Correspondingly, the relative amplitude of the slowest phase 

4 increases at the expense of phase 1. Upon decreasing the residual water content of the matrix by a 

factor of two, or larger, does not affect significantly the lifetimes of the kinetic components. At 

variance, when the H2O/trehalose molar ratio is decreased from ∼9 to ∼4, the relative amplitude of 

phase 1 and 2 drop to about 30% and 20% respectively, while phase 3 and 4 increase to about 20% 

and 30% respectively. A further dehydration of the trehalose glass, down to 1 water per trehalose 

molecule, leads to relative amplitudes which do not appear to vary significantly, when considering 

the confidence intervals of the best fitting parameters. 
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Figure 3. Kinetic analysis of P680
•+ re-reduction following a laser flash as a function of the residual water 

content of trehalose-PS II glassy matrices. Kinetics have been fitted to the sum of discrete exponential decays 
by using the MemExp program. The lifetimes and the amplitudes of each of the 4 kinetic phases required to 
describe the kinetics are shown in panels A and B respectively. The kinetic parameters obtained by analyzing 
the kinetic traces recorded in solution, in a molasses at 1.12 M trehalose, and in a re-suspended trehalose-PS 
II glassy matrix previously equilibrated at a relative humidity r = 11% are also plotted. Vertical bars indicate 
confidence intervals of the fit within two standard deviations, evaluated numerically as described under 
Materials and methods. See section 3.2 for further details. 

Previous studies performed in solution on Mn-depleted PS II complexes indicate that electron 

transfer from YZ to P680
•+  photoxidized by a light pulse occurs on the µs time range. Lifetimes of ∼10 

µs and ∼7.5 µs have been reported for the decay of  P680
•+  after a laser pulse, as measured at 820 nm 

in Tris pretreated chloroplasts at pH 6 and 7, respectively [44]; in Tris-treated PS II particles from 

Synechococcus sp a half-life of 4 µs has been evaluated from the kinetics of  P680
•+  decay measured 

at 824 nm at pH 6.5 [45]. In a more recent work [84] multiphasic flash-induced absorption transients 

at 827 nm have been observed in inactive (Mn-depleted) PS II core particles from pea seedlings, and 

fitted to the sum of three exponential decays. At pH 6.5, the two fastest phases, characterized by 

comparable amplitudes, together accounting for more than 80% of the total signal amplitude, and 

exhibiting lifetimes around 1.5 µs and between 10 and 20 µs, have been attributed to YZ oxidation by 

P680
•+. The third slower component, with a half-decay time of approximately 450 µs has been shown 
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to reflect the recombination of the charge pair P680
•+ QA

•-. Based on the results summarized above, we 

ascribe phase 1 and 2 of our P680
•+  decay kinetics to electron transfer from YZ to P680

•+. The lifetimes 

and relative amplitudes of the two kinetic phases observed by us in liquid samples are in good 

agreement with the kinetic parameters of the two fastest phases reported by Junge and coworkers 

[84]. This study provides evidence that the slower of the two kinetic phases attributed to YZ oxidation 

reflects electron transfer rate limited by the transfer of a proton, and that the redistribution between 

the PS II population undergoing a fast (not limited by proton transfer) or slower (limited by proton 

transfer) YZ oxidation is governed by a protonation equilibrium with an apparent pK of ∼7.0.  

We interpret phase 3 and 4 of P680
•+ decays detected in liquid and glassy samples as reflecting 

charge recombination of P680
•+ QA

•-. In the PS II solution and redissolved trehalose-PS II glass the 

lifetime of phase 4 (∼400 µs) is close to that of the slowest kinetic component detected by Junge and 

coworkers [84] in Mn-depleted PS II core particles, which has been  ascribed to charge recombination 

of P680
•+ QA

•-. This attribution has been tested in the same study by monitoring directly the reoxidation 

kinetics of QA
•- at 320 nm. The reported relative amplitude of the slowest kinetic component of P680

•+ 

decay matches the overall contribution of phase 3 and 4 observed by us in liquid samples. 

Interestingly, the UV transients of the quinone anion after a laser pulse have revealed a biphasic 

character with lifetimes of 135 µs and 870 µs at pH 4 [84]. A multiphasic kinetics for P680
•+ QA

•- 

recombination (with lifetimes of 170 µs, 800 µs and 6 ms) has been also observed in Tris-treated 

Synechcoccus PS II core complexes under conditions where YZ was oxidized prior to the flash [22, 

85]. The kinetic characterization of P680
•+QA

•- recombination under physiological conditions is not 

straightforward and remains somewhat uncertain, due to the competing electron donation to P680
•+ 

from YZ. From other available kinetic data, obtained under conditions in which YZ is assumed to be 

oxidized by an appropriate pre-illumination regime [44, 86, 87] or in cyanobacterial PS II complexes 

from a YZ-deficient mutant, in which D1-Tyr161 had been replaced by a phenylalanine [60, 62], 

different lifetimes, ranging from 80 µs to a few ms, have been estimated. It has to be mentioned that, 

in addition to the different conditions and systems in which measurements have been performed, 

P680
•+QA

•- kinetics reported in these studies are in general poorly resolved in the tens of µs time 

window after the laser flash.  

Our attribution of both phase 3 and 4 to P680
•+QA

•- recombination, i.e. to the same electron 

transfer process, is further supported by the parallel response of their relative amplitudes to the 

incorporation of PS II into the trehalose glass and to matrix dehydration (Figure 3B). The consistency 

of this interpretation appears even more clearly from Figure 4, where the sum of the relative 

contributions of phase 1 and 2, ascribed to YZ oxidation, as well as the sum of the relative amplitudes 

of phase 3 and 4, interpreted as reflecting back electron transfer from QA
•-, are plotted as a function 
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of the residual water content of the matrix. The monotonic, smooth dependences obtained indicate 

that the relative contribution of electron donation from YZ, which accounts for ∼90% of  P680
•+ decay 

in the liquid phase (both in the absence and presence of a high trehalose concentration), decreases 

significantly upon transition to the glassy state (at ∼9 water molecules per trehalose molecule), and 

is drastically reduced to 50% of the total when the content of residual water of the glassy matrix is 

decreased to about 4 water per trehalose molecules. Notably, further dehydration (at water contents 

between ∼4 and ∼1 water per trehalose molecule) does not further reduce the contribution of YZ 

oxidation to P680
•+ re-reduction after the flash. A similar response to dehydration is found for the 

lifetimes of phase 1 and 2, which increase upon decreasing the hydration of the system down to about 

4 water molecules per trehalose, but do not vary significantly at lower water contents (Figure 3A). 

 

Figure 4. Relative contribution to the kinetics of P680
•+ re-reduction of the sum of the two fastest (phase 1 and 

2) and slowest (phase 3 and 4) kinetic components, obtained from the data of Figure 3B. 

 

Our kinetic analysis shows therefore that, upon incorporation of PS II into a progressively 

dehydrated trehalose glassy matrix, the electron transfer from YZ to P680
•+ is blocked in a 

progressively increasing fraction of the PS II population, which accounts for up to 50% of the total, 

when the residual water content of the matrix is decreased to about 4 water per trehalose molecule. 

In this PS II subpopulation P680
•+ re-reduction occurs by recombination of the charge pair P680

•+QA
•- 

(kinetic phase 3 and 4). Dehydration of the trehalose matrix slows down both electron transfer 

processes, YZ oxidation and P680
•+QA

•- recombination, the latter being retarded to a larger extent. 

 

4. Discussion 

 

4.1 Water bound to various photosynthetic reaction center complexes in trehalose-matrices 
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Water sorption by trehalose-PS II matrices as a function of relative humidity exhibits a peculiar 

behaviour when compared to that of trehalose-PS I glasses (Table 1). For all values of relative 

humidity tested, in trehalose matrices incorporating Mn-depleted or intact PS II complexes, a 

systematically larger water/trehalose molar ratio has been found. The difference is larger at low 

relative humidity, r. In fact, the hydration of trehalose-PS I matrices decreases monotonically upon 

decreasing the relative humidity down to r=11%; at variance, in trehalose-PS II matrices, the 

water/trehalose ratio decreases down to r=33%, but remains pretty constant at lower relative 

humidity, down to r=6%, indicating the presence of water molecules (approximately 1.1 per trehalose 

molecule in Mn-depleted PS II matrices) that are not removed even under extreme drought. Under 

these dry conditions (r ≤ 11%), both in trehalose-PS I complexes [19] and in trehalose glasses 

incorporating bRCs [14, 88] at high trehalose/protein ratio (≥5·103), a water/trehalose ratio  ∼0.5 has 

been determined, which coincides with the value measured in a pure trehalose matrix (in the absence 

of any incorporated protein) at the same relative humidity (r=11%) [78]. This finding shows that the 

number of residual water molecules bound to the embedded protein complexes is negligible when 

compared with the overall number of water adsorbed to the trehalose matrix, as expected for high 

trehalose/protein ratios. Although the trehalose-PS II  matrices examined in the present study are 

characterized by comparably larger trehalose/PS II molar ratios (>104), two times larger 

water/trehalose ratios have been determined at 6% ≤ r ≤ 33%, revealing an additional, large pool of 

tightly bound water molecules. We attribute this additional hydration of the matrix to water bound to 

the PS II complexes for the reasons outlined in the following.  

Trehalose matrices embedding the Mn-depleted or the intact PS II complex are characterized by 

trehalose/PS II ratios of 4.8·104 and 3.5·104, respectively. These values, assuming molecular masses 

of 266 KDa and 350 KDa  for the Mn-depleted and intact PS II complex, translate into trehalose/PS 

II mass ratios of 62 and 34, or into trehalose/PS II volume ratios of 33 and 21, respectively. Volume 

ratios have been estimated by assuming an average molecular volume of trehalose of ∼ 3.7·102 Å3 

[89] and volumes of  6.3·105 Å3 and 5.4·105 Å3 for the intact and Mn-depleted PS II complex (as 

obtained from the crystal structure of Thermosynechococcus vulcanus [90] by using the program 

Mol_Volume [91]). We expect, therefore, that a very large mass (and volume) of trehalose will 

surround each PS II complex embedded within the glassy matrix, and that the water adsorption 

properties of this bulk trehalose will negligibly be affected by the presence of the protein. The latter 

expectation is supported by a previous study, performed on trehalose-PS I matrices at comparably 

high sugar/protein ratios, in which, by analyzing W-band EPR spectra of nitroxide radical dispersed 

in the glass, we demonstrated that the incorporation of a large protein complex, as PS I, does not 

affect the distribution of residual water within the matrix [19]. Based on the above considerations, we 
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infer that the additional hydration revealed by trehalose-PS II matrices, as compared to pure trehalose 

matrices, has to be ascribed to water molecules bound to the protein complex. The data of Table I 

indicate therefore that PS II binds a much larger number of water molecules as compared to PS I [19] 

and bRC [14, 88]. This property, evidenced by the incorporation of PS II and PS I into the trehalose 

glassy matrix, appears to be qualitatively consistent with the crystallographic information available 

for the two complexes. Crystallographic structures of comparable resolution yield in fact a number 

of water molecules bound to the protein complex ranging from 2.6·103 to 4.0·103 for the PS II dimer 

[90, 92, 93] and between 300 and 900 for the PS I trimer [94-96]. Although several crystallographic 

water molecules found in the PS II complex are located in the protein interior or belong to channels 

or narrow clefts, the largest part of bound water molecules is located at the protein surface, mainly 

on the stromal and especially lumenal sides [90]. A quantitative estimate performed by using the 

UCSF Chimera program [77], based on the high-resolution structure determined by Umena and 

coworkers [90] (pdb file 3WU2), indicates that 82% of the total complement of the bound water (1554 

per PS II monomer) lies on the protein surface and is exposed to the solvent  (see Figure S6 and its 

caption in Supplementary Material). This implies  that the large majority of the excess water detected 

in trehalose-PS II complexes equilibrated at r=11% has to be mainly ascribed to the protein hydration 

shell.  

The water/trehalose ratio measured at low relative humidity in trehalose matrices incorporating 

intact PS II complexes are slightly larger than those of matrices embedding Mn-depleted PS II. This 

difference cannot however be attributed to a larger number of water molecules bound to the intact 

complex, as compared to the Mn-depleted PS II, because the trehalose/PS II ratio was about 30% 

smaller in the case of the matrix with the intact complex (see Table 1), and this difference increases 

per se the relative contribution of protein-bound water to the measured (average) water/trehalose 

ratio. 

 

4.2 Implication for models of trehalose-matrix bioprotection 

As discussed in the previous section, the PS II complex, embedded into an extensively dried 

trehalose matrix, retains a a very large number of tightly bound water molecules, a substantial part of 

which belongs to the hydration shell coating the protein surface. This finding has important 

implications for understanding the structural and dynamic organization of trehalose-protein glasses 

as well as for clarifying the mechanism of trehalose bioprotection. The molecular mechanisms by 

which dehydrated trehalose glasses block the conformational dynamics of the embedded protein, 

leading to a dramatic structural stabilization of the protein under adverse environmental conditions 

(like high temperature and extreme drought), are still controversial. Different models have been 
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proposed, some of which not mutually exclusive: (i) the water replacement hypothesis [97, 98], 

assuming stabilization of the embedded protein via direct hydrogen bond formation between trehalose 

molecules of the matrix and surface groups of the proteins; (ii) the high viscosity hypothesis [99], 

postulating that the high viscosity of the glassy saccharide matrix plays the key role in preservation 

of the embedded protein by reducing the internal protein dynamics; (iii) the water entrapment 

hypothesis [100] proposing that residual water molecules are trapped at the protein-sugar interface, 

thus preserving its solvation and native structure within dehydrated glasses; (iv) the anchorage 

hypothesis [2, 15, 101], which combines features from model (ii) and (iii), postulating that the residual 

hydration shell of the incorporated protein forms multiple hydrogen bonds bridging surface amino-

acid groups with sugar molecules in the matrix, while trehalose molecules makes very few direct 

hydrogen bonds contacts with the protein surface. According to the anchorage hypothesis, hydrogen 

bonds also connect trehalose molecules in the bulky matrix, which becomes progressively stiffened 

upon dehydration and, being dynamically coupled to the protein through its hydration shell, locks the 

protein surface, hindering protein conformational dynamics.  

The main difference between the proposed hypotheses summarized above is the fate of the 

protein hydration shell: models (iii) and (iv) assume that the glass-embedded protein retains its 

hydration shell within the matrix, while, according to the water replacement hypothesis (i), the water 

molecules of the hydration shell are replaced by bound sugar molecules. Our data, indicating that a 

very large number of water molecules remains bound at the surface of the PS II complex even within 

extensively dried trehalose matrices, disprove the water replacement model (i), strongly supporting 

the assumptions of the water entrapment (iii) and anchorage (iv) models. 

 

4.3 Matrix effects on electron transfer 

In the present study, we have focused on spinach Mn-depleted complexes. Treatment of PS II 

under alkaline conditions results in inactivation of oxygen evolving activity, dissociation of the 

extrinsic proteins of PS II, rapid Mn and Ca release and decrease in the efficiency of electron transfer 

from QA to the secondary quinone acceptor QB [84, 102, 103]. The lack of weakly bound QB in PS II 

preparations used in this work is likely due to treatment of membrane fragments with DM [64, 104].  

When interpreting the kinetics of P680
•+ re-reduction after a laser pulse in PS II preparations 

deprived of the WOC, it has to be considered that there are in principle several possible redox 

cofactors capable of donating electrons to P680
•+: (1) the tyrosine YZ, (2) the cytochrome b559, (3) the 

tyrosine YD (Tyr-160 of the D2 subunit) and (4) the photoreduced quinone acceptor QA [61]. It should 

be stressed that transfer of an electron from YZ to P680
•+ is the dominant reaction [61], because electron 

donation from YZ occurs on a microsecond time scale, whereas cyt b559, or YD reduce P680
•+  on a 
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millisecond to second time scale in Mn-depleted PS II complexes  [59, 61, 105, 106]. Note that the 

photooxidation of both cyt b559 [61, 107] and YD [106] has been observed under non physiological 

conditions (reviewed in  [108] and [109]). Under the conditions of our measurements of P680
•+ 

reduction kinetics we can however exclude a contribution due to electron transfer from cyt b559. In 

fact we did not observe any difference between P680
•+ signals recorded in dark adapted samples after 

a single flash and following a train of photoexcitation pulses fired at 2 Hz repetition rate (see 

Supplementary Material, Figure S5). Since no exogenous electron donor was present, even in case of 

a low yield cyt b559 oxidation, we would have expected, following multiple-flash excitation, a 

progressive accumulation of the long lived state YZP680QA
•−, resulting in a progressive decrease of 

the amplitude of photoxidized P680
•+, which was not detected. We conclude that, under our 

experimental conditions, the quantum yield of both oxidation of cyt b559, and YD by P680
•+ is negligible 

in comparison to the quantum yield for formation of YZ
• per reaction center turnover. Thus, the first 

stable ion-radical pair state, which can be detected in our Mn-depleted complex is YZ
•QA

•−. 

As described in detail in the Results section, different alternative approaches have been sounded 

out in analyzing the multiphasic kinetics of P680
•+ decay after a laser pulse, in terms of the sum of 

discrete exponential decay phases or of a continuous distribution of lifetimes (see also Supplementary 

Material, Figure S3, S4 and Tables S1, S2, S3). The results obtained by using the MemExp software 

package, which combines non-linear least square minimization and the maximum entropy method, 

led us to conclude that the sum of four exponential decays provide the optimal description of the 

kinetics under all the conditions examined, i.e. in solution and in trehalose glassy matrices at different 

contents of residual water.  

We have associated the two fastest kinetic components (phase 1 and phase 2 in Table 2 and 

Figure 3), decaying on the µs time range, with the same electron transfer process, i.e. YZ oxidation 

by P680
•+, based on lifetime values and on the parallel response of the corresponding phase amplitudes 

to dehydration of the trehalose-PS II matrix (Figure 3). Such a biphasic kinetics of YZ oxidation by 

P680
•+ in Mn-depleted PS II core particles has been reported by Junge and coworkers [84].  This study 

has provided evidence that biphasicity of YZ oxidation is related to its protonation state, the slower 

and faster component of YZ oxidation by P680
•+ (phases 2 and 1 of our kinetic analysis)  reflecting 

electron transfer limited or not-limited, respectively, by proton transfer.  

As already argued in the Results section, we have ascribed phases 3 and 4 of P680
•+ reduction 

kinetics to recombination of the charged P680
•+QA

•- pair in view of the lifetimes observed in liquid 

samples (solution, redissolved glass, trehalose molasses), which compare well with the range of 

lifetime values reported in previous studies, using different approaches (pre-oxidation of YZ or 

mutations of D1-Tyr161) to observe P680
•+QA

•- recombination [22, 44, 60, 62, 84-87]. Again, the 
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attribution of phases 3 and 4 to a unique electron transfer process is in line with the parallel response 

of the amplitude of these phases to dehydration of the trehalose-PS II glassy matrix. Multiexponential 

kinetics of P680
•+QA

•- recombination have been previously reported [22, 85], and attributed to different 

PS II conformational states, which do not interconvert on the time scale of charge recombination. 

In solution, both in the absence or presence of trehalose, the two fastest phases, in the µs time 

range, dominate the re-reduction of P680
•+, accounting together for about 85% of the total decay. The 

addition of trehalose at high concentration (1.12 M) significantly slows down YZ oxidation, as shown 

by the almost doubled lifetime of phase 1 and 2 of P680
•+ reduction (Table 2). Such an effect appears 

to be related to the increased viscosity of the solution (by more than one order-of-magnitude [89, 110, 

111]), suggesting that the protein dynamics involved in YZ oxidation is slaved to solvent motions. A 

similar, but more pronounced, effect is observed for P680
•+QA

•- recombination kinetics, since the 

lifetime of phase 3 and of phase 4 increase by a factor of 2 and approximately 4, respectively, in the 

presence of 1.12 M trehalose (Table 2). Interestingly, this behaviour resembles that observed for the 

kinetics of charge recombination from the primary charge separated state P•+QA
•- in bRCs of 

Blastochloris (Bl) viridis, previously named Rhodopseudomonas viridis [112]. In this bRC, the 

lifetime of P•+QA
•- recombination has been found to similarly increase upon increasing the solvent 

viscosity, modified by the addition of glycerol, sucrose or ethylene glycol; in this system, the viscosity 

dependence fitted a modified Kramers’ equation [113], suggesting a viscosity induced damping of 

bRC protein vibrational modes coupled to electron transfer. 

In the trehalose-PS II amorphous matrix characterized by a very high water content (≅10 water 

molecules per trehalose molecule), close to undergo transition from a glassy to a rubbery state, the 

lifetimes of all kinetic phases further increase to a limited extent, and do not change significantly 

when the content of residual water is reduced below about 4 water molecules per trehalose molecule. 

However, over the hydration range between ∼10 and ∼4 waters per trehalose molecule the major 

kinetic effect is observed, consisting in a large increase of the relative amplitudes of phase 3 and 4 at 

the expenses of phase 1 and 2. We conclude therefore that the contribution of YZ oxidation to P680
•+ 

re-reduction is drastically decreased from approximately 90% to 50%, and the relative contribution 

of P•+QA
•- recombination increases correspondingly (see Figure 4).  

Under physiological conditions, the study of P•+QA
•- recombination is hampered by the 

competition with forward electron transfer reactions rapidly re-reducing P•+. Our data show that the 

incorporation of PS II into trehalose matrices represents a new strategy to monitor P•+QA
•- 

recombination under relatively hydrated conditions. Such an approach can be of particular interest, 

when considering that P•+QA
•- recombination plays an important role in both photodamage and 

photoprotection of PS II [114]. 
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Since over the hydration range between ∼10 and ∼4 water per trehalose molecule the lifetimes 

of the two phases related to YZ oxidation do not change significantly, the observed, progressive 

decrease in the contribution of YZ oxidation appears to reflect an inhomogeneous inhibition of this 

process, whereby, upon decreasing the matrix hydration, YZ oxidation is blocked or dramatically 

slowed down, in a progressively increasing fraction of the PS II population. In this subpopulation the 

drastically hampered YZ oxidation cannot compete kinetically with P•+QA
•- recombination. 

We exclude that the decrease of phase 1 and 2 of P680
•+  re-reduction kinetics upon dehydration 

of the matrix is trivially due to pre-oxidation in the dark of YZ. This occurrence is extremely unlikely 

when considering that: (a) as shown in trehalose-bRC matrices [10], in dried multilayers of membrane 

fragments from photosynthetic bacteria [115], and in dehydrated films of PS II membrane fragments 

[63], sample dehydration results in a reducing redox ambient; (b) dehydration of trehalose-PS I 

glasses [19] did not result in dark pre-oxidation of P700, a redox center with a midpoint potential of 

450 mV, much lower than that of the (YZ
•/YZ) pair, close to 1V [35]. 

 

 

4.4 Mechanism of matrix-induced inhibition of electron transfer from YZ to P680
•+   

The progressive block of YZ oxidation, observed at room temperature in trehalose matrices 

upon decreasing the residual water content, mimics the progressive block detected in hydrated, intact 

PS II complexes in the presence of glycerol, upon decreasing the temperature between 300 K and 200 

K [23]. Noteworthy, such a parallel behaviour is shared by forward electron transfer processes 

catalyzed by other photosynthetic RCs, i.e. the QA
--to-QB electron transfer in bRC from Rba. 

spaheroides [10, 16, 116], and electron transfer from FX
- to the terminal FA/FB acceptors and from 

the photoreduced phylloquinones A1
•− to the iron-sulfur centers in PS I complexes [19-21]. In order 

to explain the progressively reduced yield of YZ oxidation upon freezing at cryogenic temperatures, 

two alternatives have been considered in [23]: (a) an heterogeneous inhibition of the electron transfer 

reaction due to the trapping of the PS II complex into frozen conformational substates; (b) an 

homogeneous inhibition originating in the temperature dependence of the free energy change ∆G0 for 

electron transfer, resulting in a decreasing driving force for YZ oxidation over the temperature range 

between 300 K and 100 K. The latter option is favoured by Schlodder and coworkers [23], based on 

the analysis of P680
•+ decay following multi-flash photoexcitation.  

The increasing inhibition of YZ oxidation observed by us upon dehydration of the trehalose 

matrix at room temperature can equally be explained by an unfavorable free energy change for 

electron transfer, which could arise from the freezing of nuclear coordinates associated with non-

adiabatic medium reorganization [117]. In the case of the room temperature dehydrated trehalose-PS 
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II glassy matrix, such a freezing will originate from the dramatic hindering of protein dynamics, 

which has been shown to be drastically reduced upon dehydration of the trehalose-protein glass, due 

to the tight dynamical coupling between the embedded protein and the increasingly stiffened sugar 

matrix [2-4, 14, 88]. However, at variance with the proposed homogenous low temperature inhibition 

of YZ oxidation [23], the room temperature hindrance of PS II conformational dynamics in 

progressively dehydrated trehalose glasses implies an heterogeneous inhibition of electron transfer, 

i.e. the trapping of an increasing fraction of the PS II population in completely inactive 

conformation(s).  

Hindering of PS II protein dynamics can cause inhibition of YZ oxidation through other 

mechanisms, including, besides the above mentioned block of specific, non-adiabatic reorganization 

modes, the inhibition of adiabatic protein relaxations resulting in energetic destabilization of the 

oxidized form of YZ and/or the increase of activation barriers preventing forward electron transfer to 

P680
•+. Since it is believed, based on the observed H/D isotope exchange effect, that in Mn-depleted 

PS II complexes proton transfer is involved in the rate-limiting step of YZ oxidation [62, 84, 118, 

119], it can be proposed that dehydration of the embedding trehalose matrix, critically increases the 

energy barrier to proton transfer. In fact, the structural and dynamical modifications of the protein 

hydration shell, caused by incorporation of Mn-depleted complexes into the dehydrated trehalose 

matrix, are likely to perturb the geometry of the hydrogen-bond network in the immediate YZ 

environment, which has become more hydrophilic due to the removal of the oxygen-evolving Mn 

cluster. 

Whatever the detailed mechanism, our data indicate unequivocally that PS II conformational 

dynamics play a critical role in promoting forward electron transfer from YZ to P680
•+, as found for 

other forward electron transfer steps within PS I [19] and bRC [10]. 

In relation with the direct involvement of YZ (D1-Tyr161) dynamics in its oxidation  by P680
•+, 

it may be relevant to consider the results of a time-resolved Laue diffraction study [120], aimed to 

identify light-induced structural changes in the bRC of Bl. viridis. Wohri and coworkers [120] have 

found that the largest conformational change observed over the whole structure of the complex 

following a short (3 ms) illumination, is localized to TyrL162, which corresponds to D1-Tyr161 in 

PS II. In the photoactivated conformation, the hydroxyl oxygen of TyrL162 has moved by 1.3 Å 

towards the photoxidized primary electron donor, the bacteriochlorophyll special pair P960
+. 

Molecular dynamics simulations indicate that the photooxidation of P960 to P960
+ changes the 

electrostatic environment of TyrL162, favoring its deprotonation; additionally, the deprotonated 

TyrL162 undergoes a conformational change reducing by ∼1Å its distance from P960
+. Noteworthy, 

re-reduction of P960
+ by heme c559 of the bound tetraheme cytochrome c subunit is inhibited at 
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cryogenic temperatures, and mutation of TyrL162 affects the extent  and temperature dependence of 

electron transfer inhibition [121]. The direct observation of TyrL162 re-orientation in response to 

photooxidation of P960 supports the suggestion [122, 123] that the structural rearrangement and 

deprotonation of TyrL162, besides stabilizing primary charge separation, play an important role in 

the mechanism of electron transfer to P960
+. Interestingly, the location of TyrL162 of Bl. viridis 

(between heme c559 and P960) is functionally analogous to that of D1-Tyr161 (YZ) of PS II (between 

the WOC and P680) (see Fig.4 of ref. [120]). It is tempting to speculate that in the PS II complex, 

following P680 photooxidation, D1-Tyr161 undergoes a reorientation similar to that observed by 

Wohri and coworkers [120] for TyrL162 in the bRC from Bl. viridis, and that such a movement, 

bringing YZ closer to P680
•+, could govern YZ oxidation.  

 

5. Conclusions 

Desiccation of PS II in trehalose glassy matrices leads to the confinement of the protein internal 

mobility, which results in: (a) slowing of both forward (YZ oxidation) and backward (recombination 

between QA
•− and P680

•+) electron transfer; (b) heterogeneous inhibition of YZ oxidation in about half 

of the PS II population in which P680
•+QA

•− recombination takes place. The retardation of protein 

dynamics coupled to electron transfer in trehalose glasses is common to all three types of 

photosynthetic reaction center complexes, namely PS II, PS I and bRC. However, the maximal 

trehalose matrix effect in the case of PS II is observed at higher water/trehalose molar ratios as 

compared to PS I and bRC. This is consistent with the crystallographic data, which show a larger 

number of water molecules in PS II in contrast to PS I and bRC. The detection of a large pool of water 

molecules bound to PS II complexes embedded into extensively dehydrated trehalose matrices 

provides new insights into the structural and dynamic organization of trehalose-protein glassy 

matrices and into the mechanism of trehalose biopreservation, falsifying the water replacement 

hypothesis, while strongly supporting the water entrapment and anchorage models. 
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