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Abstract

The accumulation of organic co-solvents in cells is a basic strategy for organ-

isms from various species to increase stress tolerance in extreme environments.

Widespread representatives of this class of co-solvents are trimethylamine-N-

oxide (TMAO) and betaine; these small molecules are able to stabilize the

native conformation of proteins and prevent their aggregation. Despite their

importance, detailed experimental studies on the impact of these co-solvents

on the energy landscape of proteins have not yet been carried out. We use

single-molecule spectroscopy at cryogenic temperatures to examine the influ-

ence of these physiological relevant co-solvents on photosystem I (PSI) from

Thermosynechococcus elongatus. In contrast to PSI ensemble spectra, which

are almost unaffected by the addition of TMAO and betaine, statistical analy-

sis of the fluorescence emission from individual PSI trimers yields insight into

the interaction of the co-solvents with PSI. The results show an increased ho-

mogeneity upon addition of TMAO or betaine. The number of detectable zero-

phonon lines (ZPLs) is reduced, indicating spectral diffusion processes with

faster rates. In the framework of energy landscape model these findings indi-

cate, co-solvents lead to reduced barrier heights between energy valleys, and

thus efficient screening of protein conformations can take place.

2



TOC Graphic

Energy

conf. coordinate

Energy

conf. coordinate

I1

I2

I1

I2

Pressure

TMAO

betaine

3



Introduction

The proper function of proteins is a prerequisite for life. Thermodynamic parameters such

as temperature, pressure and pH value are important for description of macroscopic protein

properties, but they fail to assist in understanding proteins at the molecular level. One of

the most important factors are the structure and dynamics of water close to the surface of

proteins (hydration layer) [1, 2]. The hydration layer’s properties depend not only on the

electrostatics of the protein surface itself, but also on various co-soluted small molecules

present in living organisms. Such additives can be small water-miscible organic molecules

(co-solvents). These additives show remarkable effects on structure and function of proteins

[3, 4]. Organisms and tissues accumulate co-solvents intracellularly to offset the effect of

water stress, e.g., an abnormal increase in osmolality (hyperosmolality) and hydrostatic

pressure [3, 5]. Co-solvents widen the range wherein organisms can adapt protein function

and they enable nature to use proteins with virtually unaltered amino-acid sequence in

drastically different environmental conditions. Specifically, the accumulation of co-solvents,

such as TMAO and betaine, is observed when cells or tissues are subjected to osmotic or

water stress resulting from exposure to high salinity, high hydrostatic pressures and desic-

cation or dehydration [4, 6]. It seems that evolution chose a genetic simplistic strategy to

cope against such stress conditions [7]. Therefore, the influence of these molecules moti-

vated experimental and theoretical groups to take a closer look at the molecular details of

their interaction with proteins [8–17].

The general concept to control the functional protein structure via co-solvents has been

transferred to in vitro studies [3]. While protective co-solvents like TMAO and betaine

push the equilibrium of protein folding towards the native form [18, 19], denaturing co-
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solvents like urea push it towards the unfolded form [20, 21]. Due to their protective

properties, TMAO and especially betaine are often used as stabilizing agents during protein

crystallization and purification [22, 23].

It has been found that the stress tolerance of organisms, which intrinsically do not make use

of co-solvents, can be increased by transgenetic implementation of co-solvents. To this end

various biosynthetic pathways e.g. for betaine have been identified [18] and implemented

into various model organisms. Such transgenetic modified plants show faster physiological

development and a gain in stress tolerance, including salt stress, low and high temperature

stress and high intensity light stress (for a Review see [19] and references therein).

In this study we investigate the influence of two very abundant co-solvents, TMAO and

betaine (for the chemical structures see Figure 1), on the conformational dynamics of the

large membrane protein complex, photosystem I (PSI). Both co-solvents are widely spread

in biological organisms. TMAO is e. g. found in marine animals, where the content of

TMAO in their muscle cells is correlated with the sea level where the various organisms

are typically found. Deep-sea fish has higher concentration of TMAO than shallow water

populations, and therefore TMAO was supposed to act besides others as a protectant against

high-pressure denaturation [24]. Betaine is present in various organisms including animals

and plants and is widely spread for in vitro protein stabilization [19].

PSI – a key part of the photosynthetic apparatus – is taken here as a model protein complex

(trimeric protein structure is shown in Figure 2A). Its high and reliable sample quality and

preferential optical properties [26] are of advantage and are briefly outlined in the following.

The PSI antenna system consists of ∼90 chlorophyll a molecules that form a very efficient
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exciton transfer network [27, 28]. The arrangement of the chlorophyll a molecules allows for

PSI excitation at the absorption maximum (∼680 nm), far from the absorption of “P700”

pigments at 700 nm which are responsible for primary PSI photochemistry (see also Figure

2B) [29, 30]. A portion of the chlorophyll a molecules show lower site energies than P700 [33].

These low-energy pigments are often called the “red pools” or the “red-most” chlorophylls

(for a review, see Gobets et al. [30] and Karapetyan et al. [29]). At low temperatures,

several of these chlorophylls can be observed by their fluorescence emission (Figure 2B)

[33–36]. The fluorescence maximum is found at around 730 nm resulting in a red shift of

almost 50 nm between the main absorption of PSI (Qy-band) as shown in Figure 2C. This

large red shift is advantageous for any kind of fluorescence-based studies because the entire

emission can be observed without restrictions with the suited filter sets.

Protein-embedded chromophores like chlorophylls in light-harvesting systems can be used

as native sensors inside proteins. In several cases, the fluorescence emission of such chro-

mophores can be detected down to the single-molecule level [37–39]. At room temperature,

spectral diffusion and photo bleaching hamper the collection of detailed conformational

information [40–43]. Lowering the temperature reduces the impact of spectral diffusion

[43–45] and the emission profile of a single emitter composed of a sharp zero-phonon line

(ZPL) and a phonon wing becomes observable [46–49].

The conformational dynamics of proteins occur on a complex, rugged energy landscape

characterized by a large number of different conformational substates, as shown by the

pioneering experiments on myoblobin by Frauenfelder et al. [50]. For protein-embedded

chromophores, this environment cannot be simply reduced to the pocket wherein the chro-

mophore is bound; the properties of the whole protein have to be taken into account. The

6



conformational substates correspond to local minima in the potential energy surface. Tran-

sitions between different nearly isoenergetic states in such a rugged energy landscape of a

protein have a direct influence on the absorption and emission properties of chromophores

embedded into the protein environment. Therefore protein-embedded chromophores can be

used as sensitive probes of the changes in the conformation of proteins.

In prior studies we used the optical properties of the protein-embedded chromophores on the

one hand side for the investigation of the local dynamics inside the protein binding pockets,

as well as, for the analysis of overall protein conformations. By H2O to D2O exchange a

remarkable influence of H-bridges between the protein scaffold and the bound chromophores

on the rate of spectral diffusion was observed [51]. The effects on the overall conformation of

PSI were studied under the influence of glycerol and Polyphenyl-alcohol (PVA), which are

typical additives for low temperature spectroscopy and single-molecule studies of proteins,

respectively. High concentration of glycerol leads to remarkable homogenization of the

proteins, whereas embedding of PSI into a PVA matrix yields an increased heterogeneity of

the proteins accompanied by a partial denaturation [52, 53].

In this work we investigate the influence of physiological relevant co-solvents (TMAO and

betaine) by a combination of single-molecule spectroscopy and statistical analysis. This ap-

proach opens the possibility to correlate fluorescence emission changes with conformational

properties of the proteins inducing by the addition of the co-solvent to the respective buffer

solutions.
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1 Material and Methods

PSI trimers from T. elongatus were isolated as described in Ref [54]. Then the purified PSI

trimers were diluted in buffer solution (pH 7.5) containing 20 mM Tricine, 25 mM MgCl2,

and 0.4 mM β-DM as detergent, to reach a chlorophyll a concentration of ∼20 µM. This

amount of detergent is adequate for the critical solubilization concentration for a PSI trimer

concentration of 0.5 µM to avoid PSI aggregation [55].

PSI samples in buffer solution as used for the single-molecule experiments were further

diluted in a Tricine-buffer solution containing 20 mM Tricine, 25 mM MgCl2, 0.4 mM

β-DM, and 5 mM sodium ascorbate in milli-Q water. Sodium ascorbate was added for pre-

reduction of P700. In case of the Trimethylamine-N-oxide(TMAO)- and betaine-containing

samples, the buffer solution used for diluting the PSI sample additionally contained 1M

TMAO or 1M betaine respectively. The final PSI trimer concentration was ∼3 pM. Less

than 1 µL of these samples were placed between coverslips for single-molecule experiments.

Sample preparation and mounting were accomplished under indirect light. Finally, the

samples were transferred directly into the cryostat and rapidly plunged into liquid helium.

Experiments were carried out using a home-built confocal microscope operating at 1.4 K.

For imaging of single molecules, a piezo tip tilt module (Physik Instrumente PI S-334.2SL)

was used to deflect beams. The excitation source was a diode laser (680nm Schäfter &

Kirchhoff). The fluorescence emission was detected using either an avalanche photodiode

(Perkin-Elmer SPCM-AQR-15, <50 dark counts/s) for fast integral fluorescence detection,

or an Acton Research 30 cm spectrograph (Acton SpectraPro308) equipped with a back-

illuminated CCD camera (Roper Scientific Spec-10:100BR/LN) for recording fluorescence

spectra. Stray laser light was blocked by a Raman long-pass filter (AHF HQ695LP). For
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illumination and detection, the same microscope objective (60×, N.A. 0.8 JIS, Edmund

Optics) was employed and immersed in liquid helium. A laser intensity of 100 µW, measured

behind the scanning module, was used for excitation. In a sequence of spectra, the usual

exposure time for each spectrum was 1 s, resulting in a typical S/N ratio of > 6 for single

PSI complexes at the given excitation power, referred to as time resolution in the following

context.

The algorithm used for the determination of the ZPLs in time dependent spectral series

is described in detail in [52]. In short, it includes a smoothing of the spectra series in

two dimensions (wavelength and time) using a moving average filter as provided in Matlab

(Curve Fitting Toolbox), a standard Laplace 1D edge filter is applied in the wavelength

domain to enhance sharp and to suppress broad structures. For all spectra series wavelength

positions are collected where the intensity surpasses a certain threshold, which implies the

presence of a narrow line feature in the spectra.

2 Results

PSI complexes were analyzed as prepared in buffer solution, buffer solution with TMAO

and buffer solution with betaine. In total we recorded spectral information for 137 PSI com-

plexes (trimers) in buffer solution, 110 in TMAO-containing and 122 in betaine-containing

buffer solution. The average spectra taken over all investigated PSI trimers per sample

preparation are shown in Figure 3. The fluorescence intensity maxima for the different

preparations are found at: 726.5±0.5 nm (buffer solution), 727±0.5 nm (TMAO), and

727.5±1.0 nm (betaine) see also Table 1 where these values are listed together with values
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for PSI preparations containing PVA and glycerol. The variations in the average emission

spectra between the preparations are very subtle compared to other sample preparations

of PSI, as for example in glycerol or PVA containing buffer solutions (see Figure 4 and

Ref.[52]).

In contrast, on the single-complex level a high variance of spectral fingerprints characteristic

for each individual PSI complex is found. These variations concern shape and wavelength

position of the broad intensity distribution, and wavelength position, number and intensity

of the visible ZPLs. In Figure 4 three spectra are given for each sample preparation and for

comparison representative single-complex spectra for PSI in glycerol (taken from Ref: [53])

are shown. The heterogeneity between the spectra from individual complexes, is comparably

high in buffer solution as well as in TMAO and in betaine solution compared to observations

made e.g. in glycerol-containing sample preparations (Figure 4 and Ref. [53]).

For PSI in H2O-based buffer solution variations are found for the maximum position of

the broad fluorescence emission contributions, in the three examples peaking at 733 nm,

732 nm and 722 nm (Figure 4, red curves). Narrow line contributions are additionally

found with strong heterogeneity concerning the relative intensity compared to the broad

contributions. The ZPL in the upper spectrum at 710 nm exceeds the peak maximum

at 732 nm of the broad contribution, and for the lower spectrum a narrow line with a

relatively high intensity is found at a long wavelength position at 732 nm sticking out of

the underlying broad contribution. Other narrow line features stay far below in intensity,

e.g. the contributions found at around 708 nm in the middle spectrum and at 705 nm and

734 and 740 nm in the lower spectrum.
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The representative example spectra for single PSI-complexes measured in TMAO-containing

buffer are similarly characterized by heterogeneity (Figure 4, shown in green), while the

number of detected narrow line features is smaller. The narrow line features detected at

710 nm and 712 nm in the upper spectrum are positioned on top of a broader band, and

the relative intensity of the narrow features in the middle and lower spectra are very low

compared to the intensity in the broader contributions. Maxima of the broad contributions

are heterogenous and positioned at around 740 nm, 728 nm 736 nm for the spectra from

top towards the bottom.

Example spectra for single PSI complexes in betaine show less narrow line contributions. In

the middle spectrum a well resolved narrow line is found at 711 nm and a slightly broader

contribution with low relative intensity at 713 nm in the bottom spectrum (Figure 4, shown

in dark blue). The upper spectrum shows two broad distributions with maxima at 720 nm

and 728 nm. Again the maxima positions of the broad components vary from spectrum to

spectrum for the different individual complexes. Maxima are found at 730 nm and 732 nm

for the middle and lower spectrum, respectively.

The influence of glycerol on PSI was described recently in Ref. [53]. Example spectra have

been taken from Ref. [53] to highlight the difference of the effect of glycerol on the spectral

properties of PSI compared to the effects of TMAO and betaine (Figure 4, shown in cyan).

The spectral shift to longer wavelength in the average spectrum over many molecules (see

Figure 3) is reflected by the strong homogeneity of the peak position of the broad spectral

contribution even on the single complex level. In all three spectra shown, the maxima are

at ∼730 nm. Only on the short wavelength side of the broad contribution spectral variances

are present due to various ZPLs with rather low relative intensity.
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To detect overall differences in the various spectra of individual PSI complexes dependent

on the presence of the co-solvents in the buffer, we chose a statistical approach with an

algorithm-based analysis, which has been described in detail in Ref. [52]. One algorithm is

used to determine the wavelength position of the most intense contribution in the fluores-

cence spectra of each individual PSI complex together with its full width at half maximum

(FWHM). These parameters are determined regardless whether the intense contribution

is a ZPL or a broad distribution. The result of this analysis applied on the fluorescence

emission spectra for all single PSI trimers of the three sample types are summarized in 2D-

histogram-scatter plots in Figure 5. The histograms on the upper panels are the projections

of the identified contributions found on given wavelength intervals, while the histograms on

the right of the scatter plot are the projections along the axis representing the associated

FWHM values of the respective high intensity contributions. The histograms are used to

map the statistical distributions, which are not accessible when scatter points are overlap-

ping.

For all PSI samples the highest intensity in a single complex spectrum is found within a

large wavelength interval extending from 705 – 740 nm for PSI in buffer and 705 – 742 nm in

case of TMAO and 705 – 739 nm in case of betaine. The biggest difference when comparing

the histograms along the wavelength axis for the different preparations, is found in the

shape of the distributions. For PSI in buffer two maxima are found at around 710 nm and

727 nm, while in the case of TMAO and betaine the subpopulation around 727 nm becomes

dominant and is reflected in a very sharp peak indicating increased relative occurrence of

this contribution while no shorter wavelength contribution is giving rise to a second peak

but an unstructured plateau covers the lower wavelength range.
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Significant differences are found in the histograms along the FWHM axis of the scatter plots.

For PSI in buffer two independent contributions are found, one with small width of <10 nm

FWHM and another peaking at around 20 nm FWHM. While the broad contribution is

similarly found for PSI in TMAO and betaine, the narrow line contributions are virtually

absent (only two events were detected for the TMAO-containing sample and none in case

of betaine). In the scatter plots the various identified intense spectral components are

spread point by point along the wavelength position and FWHM coordinates. In case

of PSI in buffer three point clouds are formed. One rather confined point cloud with a

center at (710 nm/2 nm) (wavelength position/FWHM), another broad point cloud around

(727 nm/25 nm) and a third point cloud representing high intensity contributions positioned

at relatively long wavelength positions and with narrow line widths found at around (734

nm/<10 nm). This third spectral contribution is completely absent in the PSI preparations

with the co-solutes TMAO and betaine, respectively.

For all individual PSI complexes also time-dependent spectra sequences were recorded with

1 s acquisition time per spectrum. In Figure 6 a typical time-dependent spectral data set

taken for an individual PSI complex is shown together with the associated average spectrum

and the extracted ZPL information (here PSI in TMAO). The time-dependent spectra are

characterized by complex dynamic behavior (see Figure 6B). The fluorescence emission of

PSI is composed of the different contributions associated to the different red chlorophyll

states [39]. The narrow line contributions either shiver (e.g. at around 699 nm and 709 nm

for the PSI complex shown in Figure 6) or jump along the wavelength axes over time

(e.g. after 22 s and 83 s of observation time). For the broad contributions, solvent isotope

exchange experiments revealed that these can arise because of very fast spectral diffusion

13



dynamics happening on a much faster time scale than seconds [51], and thus underlying

dynamics cannot be directly resolved in our measurements with 1 s time resolution. The

theoretical line shapes expected for the different single emitters in PSI [56, 57], without

broadening by spectral diffusion, are added to the average spectrum taken over the spectral

series in Figure 6A.

A way to obtain kinetic information from the recorded time-dependent spectral series is to

analyze the number of ZPL features being resolved in these series. By analyzing the occur-

rence of ZPLs we directly map the probability for slow spectral diffusion with respect to

the time resolution of 1 s. A ZPL feature is only identified, when the spectral contribution

shows stability in a time interval >1 s. To identify ZPL contributions we use an algorithm-

based analysis (see MM and Ref. [52]). The ZPL positions extracted for all investigated

individual PSI complexes are visualized as histograms (see Figure 7). All ZPL distributions

show the highest amount of ZPLs in the spectral region < 720 nm. The center positions and

widths of the distributions were determined by fitting with one Gaussian. The centers are

found at 710.4 nm (buffer), 710.2 (TMAO), and 711.6 (betaine); the widths are 4.1 nm for

buffer solution and TMAO, and 6.2 nm for betaine. At wavelength > 720 nm, ZPLs are ob-

served for around 30% of the complexes in buffer solution, whereas the observation of ZPLs

remains an exception for TMAO and betaine. On average, 1.6 (buffer), 0.7 (TMAO), and

0.9 (betaine) ZPLs per data set were observed. The extracted information is summarized

inTable 2 together with analog information determined on PVA and glycerol-containing

PSI samples. While the center position of the distributions is for all sample preparations

around 710 nm, for the co-solute containing samples with TMAO and betaine in the buffer

composition a strongly reduced detection of ZPL contributions is apparent. PVA samples
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are the only PSI preparations which lead to increased ZPL detection in the spectra of single

PSI complexes compared to simple buffer preparations [52].

3 Discussion

The shape of the emission spectrum of PSI can be changed remarkably by the solution

wherein PSI is solubilized. The addition of glycerol causes a shift of the maximum by

several nanometers and a change of the emission shape in the region 710 – 720 nm (Figure

3, cyan curve) [52]. If TMAO or betaine is added, the observed effects are much smaller

(blue, green and red curves). Spectral changes induced by TMAO/betaine can be resolved

by single-molecule spectroscopy at low temperatures (Figure 4). The observed spectral

fluctuations of the fluorescence emission of single PSI trimers are caused by conformational

changes of the protein during the experiments which corresponds to a motion between

different valleys in the energy landscape [38, 39]. A ZPL detection event can be associated

with a rather trapped protein conformation, where lacking conformational changes lead

to spectral stability of the protein embedded emitter. The observed width of the ZPL

distribution can be used as a measure for protein heterogeneity in the sample [52, 53]. Two

statistical methods were used to evaluate the heterogeneity of PSI emission spectra. These

methods allow on the one hand the determination of the most intense contributions in the

spectra (Figures 5) and on the other hand the identification of ZPL contributions (Figure

6, 7). Strongly reduced intense ZPL contributions as well as reduced abundance of ZPLs

are observed for TMAO and betaine preparations compared to PSI in buffer solution. The

overall statistics of ZPLs determined from time-resolved data additionally shows a reduced
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number of ZPLs per PSI complex at longer wavelength positions (Table 2 and Figure 7).

Most of the red-pool chlorophylls are buried within the proteins scaffolds [32]. For these

chromophores, a large change of their lifetime induced by TMAO or betaine in the solu-

tion can be ruled out. Changed spectral overlap between the energetically higher lying

chlorophyll states (referred to as C708 states) and the lower lying states are a reasonable

source for the reduced emission of C708 as observed by a smaller number of high intensity

contributions around 710 nm and in average a smaller number of ZPL detection at this

wavelength position. The slight differences between the average spectra for TMAO/betaine

and buffer solution between 710 – 725 nm and the red part of the spectrum > 735 nm

(Figure 3) are an indication for such types of changes.

Heterogeneity of the emission profiles in the region of the intense ZPLs is comparably high

for PSI in buffer solution. States with slow energy transfer and intense ZPLs as well as

conformational states with fast energy transfer and no ZPLs are present. In the case of PSI

in TMAO and betaine these variations are much lower and the wavelength range in which

ZPLs are found is much smaller. Thus, it seems that the ZPLs of C708 are squeezed into

a smaller wavelength range (Figure 5, 7). A reduced heterogeneity of the conformational

states is a plausible explanation for the observed effects [58].

The number of ZPLs for wavelengths >720 nm (Figure 7) also varies between preparations.

In buffer solution, a certain fraction of data sets show ZPLs. The probability of observing

ZPLs in this spectral region is much lower due to fast spectral diffusion and strong electron-

phonon coupling of the involved chromophores [39, 51]. These chromophores change their

site energies several times during the accumulation time. An electron-phonon coupling of

S ∼ 2.2 was predicted for these states [36], yielding a ZPL/phonon wing intensity ratio

16



of ∼0.14. The increase of intensity in the broad phonon wings at the expense of ZPLs

further complicates their detection. The already low probability of observing ZPLs drops

completely if TMAO/betaine is added to the solution, indicating a further increase of the

spectral diffusion rates.

As illustrated Figure 8 an increase of spectral diffusion indicates a decreased barrier height

between the different conformational states in the energy valleys, or – in other words –

increased protein flexibility [59, 60]. In the presence of co-solutes conformational states can

be accessed more easily, which renders the protein more flexible. On the other side, the

probability that a protein gets stuck in one conformational state surrounded by high energy

barriers becomes less likely. Application of hydrostatic pressure on proteins can change

the curvature of the energy landscape [61] and alter the height of the barriers between

the substates. These changes can be interpreted as an increased roughness of the energy

landscape (Figure 8). Several sub-conformations can be trapped by applying pressure; the

barriers separating these states become too high to be crossed. The increase of roughness

by pressure is used, for instance, to study intermediates in protein folding [62]. Trapping

of a certain fraction of the proteins in different states yields an increased heterogeneity of

the whole ensemble. TMAO and betaine are found in high concentration in animals living

under high hydrostatic pressure [5, 63]. Based on the presented data, it can be assumed

that organisms use TMAO/betaine as protective agents to counteract the negative effect of

pressure. TMAO/betaine co-solvents may protect the native shape of the energy landscape

and make protein function possible under inhospitable conditions.

In conclusion, the average fluorescence emission of sets of single PSI trimers prepared in
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buffer and buffer with 1M TMAO and 1M betaine are almost identical. Statistical analysis

of spectra from single PSI trimers uncovered the effects of TMAO and betaine on protein

energy landscapes. With the addition of TMAO and betaine the spectral window for ZPL

detection is reduced. A fraction of conformational states wherein the protein can be trapped

under native conditions seems to be effectively suppressed. Increased spectral diffusion rates

lower the likelihood of observing ZPLs, indicating a more flexible protein structure. Within

the framework of protein energy landscapes both effects can be explained by a reduced

roughness of the energy valleys. This effect yields a suppression of intermediate states and

increased spectral diffusion (see Figure 8). Interestingly, high concentrations of TMAO and

betaine are found in animals living under high hydrostatic pressure, which is known to

increase the heterogeneity and energy landscape roughness. TMAO and betaine counteract

the effects of pressure and can restore native protein function. This may be one reason why

animals utilize a high amount of these co-solvents under inhospitable living conditions.
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Table 1: Wavelength position and width of the average spectra for the different

preparations given in Figure 3. Errors are due to CCD camera calibration. ? Data

taken from Ref. [52].

Matrix wavelength position / nm width / nm

H2O 726.5±0.5 31.8±0.5

TMAO 727±1.0 32.2±0.5

Betaine 727.5±0.5 32.2±0.5

PVA 1%? 719±1.0 33.5±0.5

Glycerol 25%? 730±0.5 30.5±0.5

Glycerol 66%? 731±0.5 31.0±0.5

28



Table 2: Wavelength position and width of the ZPL distributions determined from

data in Figure 7 by fitting with one Gaussian. ? Data taken from Ref. [52].

Matrix center position σ ZPL detection per PSI trimer

(nm) (nm) (#)

H2O 710.4 4.1 1.6

TMAO 710.2 4.1 0.7

Betaine 711.6 6.2 0.9

PVA 1%? 710.0 7.6 3.0

glycerol 25%? 709.9 3.1 1.2

glycerol 66%? 710.0 3.1 1.1
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TMAO Betaine

Figure 1: The two co-solvents investigated in this study: TMAO (pKa = 4.64.7; [6])

and betaine (pKa = 1.8; [25]). Both are zwitter ions in a wide pH range, including

the values used in the described experiments.
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Figure 2: Photosystem I from oxygenic photosynthesis. A) Top view of trimeric

PSI from cyanobacteria (protein data bank (PDB) entry: 1JB0)[31] together with a

side view representation. In each monomer about 100 chlorophyll molecules (green)

absorb excitation energy and transfer it to a chlorophyll dimer (red) in the reaction

center absorbing at 700 nm (P700). The protein backbone is shown in violet. C)

Illustration of excitation-energy transfer pathways at ambient and low temperatures.

A charge-separated state across the membrane is formed upon excitation of P700.

The red chlorophyll states are involved in energy transfer. At low temperatures

the transfer toward P700 is partially blocked and the red chlorophyll states become

fluorescent. E) Low-temperature (77 K) ensemble absorption and emission spectra of

PSI of T. elongatus in the oxidized state adapted from Ref. [32].
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Figure 3: Averaged spectra obtained from the summation of 137 PSI trimers in buffer

solution, 119 in TMAO solution, and 122 in betaine solution. For comparison, the

average spectrum of 108 complexes taken in 66% glycerol/buffer taken from Ref. [52]

is included. Data were scaled to similar amplitude.
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Figure 4: Fluorescence emission spectra of individual PSI complexes prepared in

H2O-based buffer solution (red), in 1M TMAO (green), and in 1M betaine (dark

blue). For comparison of the effects of the co-solvents with the effect of glycerol on

PSI emission, representative spectra of PSI in 66% glycerol taken from Ref.[53] have

been included (cyan). Integration time per spectrum was between 100 s and 120 s ,

λexc = 680 nm;T = 1.4 K.
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Figure 5: 2D-scatter-histogram plots obtained from the evaluation of the emission

spectra of single PSI trimers in buffer solution, 1 M TMAO and 1 M betaine solution.

Each dot represents the FWHM and wavelength position of the highest intensity peak

in the spectra of the individual PSI complexes, as obtained by automated analysis

(details see text).
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Figure 6: Time-dependent data and ZPL detection. a) The average spectrum over

the time-dependent series of PSI spectra shows the characteristic contribution of the

different red Chla emitters. Narrow ZPLs and broad contributions, which are asso-

ciated to fast diffusing single emitters with a higher electron-phonon coupling. The

theoretical line shapes of emitters without spectral diffusion are given in red. The

line shapes were simulated by using the expressions and parameters in Refs. [56, 57].

b) Time-dependent spectral data of a single PSI in buffer and the result of automated

ZPL identification. The typical data and results are shown. Time-dependent fluo-

rescence emission spectra of individual PSI complexes from T. elongatus in TMAO.

The accumulation time for the individual spectra was 1 s; λexc = 680 nm;T = 1.4 K.
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Figure 7: ZPL-histograms for PSI trimers in buffer solution, 1 M TMAO and 1 M

betaine solution. The histograms are the result of an automated evaluation of time-

dependent fluorescence emission spectra of single PSI trimers (for details see the

Material and Methods in Ref. [52]). The average spectra of the different preparations

are given in the background. The data were scaled to similar amplitude. Maximum

position, width and total number of ZPLs are given in Table 2.
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Figure 8: Schematic illustration of the protein energy landscape. (Left) Native con-

dition. I1, I2 represent different intermediate states. (Right) The addition of TMAO

or betaine to the buffer solution may reduce the height of the barriers separating the

different local minima. Thereby the roughness of the energy landscape is reduced.

Reducing the heights of the barriers enables a relaxation from S1→ S2 that is blocked

under native conditions. This relaxation yields an increased homogeneity of the sam-

ple. The reduced barrier heights will increase spectral diffusion rates within I1 and I2.

Application of pressure on proteins can change the curvature of the energy landscape

in the opposite direction [61].

37




