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Abstract

Spores are bacteria passed into a metabolically dormant state due to 

starvation and awaiting better external conditions to germinate and 

colonize the medium again. Their resistance to numerous stress factors is 

amazing and the reasons behind are still not completely unveiled. Water 

seems to play an important role for that, as hydration inside the spores is 

reduced but paired with a remarkable water mobility. To learn more about 

these facts, we applied a sophisticated approach: we first analysed 

neutron scattering spectra of whole spores, then we subtracted spectra 

corresponding to proteins, lipids and sugars to obtain results as close as 

possible to the water signal. Our procedure revealed strongly reduced 

rotational dynamics of the proteome, but a high mobility of water 

molecules and small molecular subgroups at the sub-nanosecond time 

scale. Such combination might be key to explain the dormant state of 

spores which is vigilant to revive in adapted conditions. 
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Introduction

Sporulation is a protective mechanism of gram-positive bacteria 

permitting them to survive in harsh conditions. When nutrients are 

lacking, some bacteria are able to sporulate and thus become 

metabolically inactive, germinating in presence of germinants or with 

specific physical conditions (pressure, abrasion). Bacterial spores have 

not yet completely unveiled the secret of their amazing resistance to 

external stress factors including light and ionizing radiation, wet and dry 

heat, vacuum, chemicals, enzymes, high hydrostatic pressure and 

mechanical disruption 1,2. Some reasons are certainly related to 

biochemistry as chemical detoxification or DNA reparation tools, but 

biophysical properties are as important, for instance concerning 

structural and dynamical properties of the various components. Much 

more than cells, the spores have a multi-layered structure and thus 

efficient boundaries between the spore and its environment, but also 

between different compartments. An endospore like Bacillus subtilis, 

which is studied in the following in its wild-type (WT) and mutant form, 

has an outer crust surrounding a coat, both are protein-based. The next 

inner layer is the cortex, a peptidoglycan layer which is surrounded by an 

outer and inner plasma membrane. In the center is situated the spore’s 

core containing DNA, RNA and most soluble proteins. DNA is protected 

by chaperone proteins called small acid soluble spore proteins (SASPs) 

(see figure 1). In contrast to growing cells, 80% (i.e. 80 g per 100 g of wet 

weight) or more water 3, the core has a reduced water content between 

20 and 40 % 1,4, but a high concentration of dipicolinic acid (DPA) mostly 
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complexed by ions (generally Ca2+ and Mn2+). The inner membrane (IM) 

contains phospholipids and fatty acids like the plasma membrane of a 

growing cell. This membrane is naturally compacted what makes it rather 

impermeable to small molecules, except water. The cortex is formed by a 

thick peptidoglycan layer (about 29% in mass) with -lactam muramic 

residues not reticulated. Beneath the cortex is a small envelope that 

becomes the cell wall as the spore germinates. The role of the outer 

membrane has not yet been clearly identified. The coat is composed by a 

rather rigid protein structure with a relatively low permeability to 

external molecules. One possible strategy to investigate the 

functionalities of the different layers is the use of mutants lacking specific 

parts of the spore structure (see Materials and Methods). 
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Figure 1: Schematic representation of the multilayered structure, 

composition and functionality of a Bacillus subtilis spore. 

The role of water in the spore’s resistance against several stress factors 

was long time debated as spores are less hydrated than growing cells 

what could contribute to slow down the protein motions, to compact the 

structure and likely to better resist to stress. In a seminal work, Sunde et 

al. 5 and Friedline et al. 6 shed light on the physical state of water in 

bacterial spores by means of NMR experiments. The various regions of a 

spore have significantly different water contents, which can be estimated 

by 20 – 40 % in the core and 40 – 60 % in the non-core parts (cortex and 

coat) 5. Such distribution can at least be partly explained by the low 

permeability of the inner membrane, even though water exchange 

remains possible within the time scale of ms – s.

The low water content of the core is at the origin of speculations about a 

glassy state in the core 7, but this view was challenged 8 as the rotational 

correlation time of the water molecules in the core was similar to that of 

proteins hydrated at a level of 0.6 g H2O per gram of dry proteins, usually 

denoted by h 5. It was shown that a hydration level of h = 0.4 corresponds 

indeed to about one water layer at the protein surface and is sufficient to 

guarantee full functionality 9,10. The state inside the core is therefore fully 

comparable to the situation of hydrated protein powders, which can be 

used at sub-zero temperatures, as they are not prone to ice and thus 

Bragg peak formation. Such proteins are capable of undergoing the 

dynamical transition around 220 K 11, which was interpreted as an onset 
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of anharmonic motions mandatory for functionality 12. Even in such 

environment, rotational diffusional motions of proteins are possible albeit 

they might be slowed down considerably.

Another important aspect is the confinement of proteins in a very limited 

space. For the sake of a better access to information on a particular 

protein type, many biochemical studies are carried out in diluted solutions 

of this sole protein. However, such a state is far from the reality of 

existence of most of the proteins within cells and newer investigations 

underline the role of the environment which contributes to the 

stabilization of the biomolecular systems, to the excluded volume effect, 

and the modulation of molecular dynamics 13-16. Confinement can have a 

protective effect against external conditions, avoiding for instance 

protein’s aggregation at high temperature rendering the denaturation 

reversible 17 or immobilizing a protein under high hydrostatic pressure.

Direct measurements of water content and dynamics inside of bacterial 

spores are difficult as most experimental techniques do not permit to 

differentiate the water populations in the various compartments. Sunde 

et al. demonstrated in an impressive way to which extent NMR gives 

access to quantitative results and estimations of several quantities 

including notably information on long-time rotational dynamics by its 

inherent access to angular correlations 5. Another possibility is the use of 

incoherent neutron scattering, which probes the ensemble-averaged 

single-particle self-dynamics and is mainly sensitive to the signal of 

hydrogen atoms due to their high incoherent scattering cross section 18. 

In addition, quasi-elastic neutron scattering probes the dependence of the 
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scattering signal arising from diffusive dynamics in the sample on the 

energy and momentum transfer from and to the neutron, which are the 

complementary variables of time and amplitudes, respectively. From 

here, it is possible to separate various motions according to their 

relaxation times and spatial extensions 19. In the following, we present 

such an approach providing dynamical characteristics of the bacterial 

spores and the water inside and surrounding Bacillus subtilis.

Materials and Methods

Strains

In the present study, we used the Bacillus subtilis WT strain PS533 

derived from the strain 168 and the mutant FB122 (ΔsleB::spc 

ΔspoVF::tet) , which lacks most part of DPA in the core and also sleB 

enzyme 20. We had moreover chemically decoated strains of these two 

versions of spores, e.g. with or without the coat. 

Spore production

All spore preparations were produced at 37°C for 48 to 72h in 2*SG liquid 

medium as described previously 21 before harvesting. Spore suspensions 

were washed at least 10 times with cold distilled water prior to use, stored 

for at least one week at 4°C and washed again several times. All spore 

preparations were exempt of spore debris and germinated cells and purity 

was higher than 98% as observed by phase-contrast microscopy (cf. 

Figure 2). The spores were recovered by centrifugation at 10000g - 5 min 

to pellet cells and prepared for neutron experiments as explained 

hereafter.
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Decoated spores were prepared according to a procedure described in 22. 

Spores were suspended at an OD600 nm of ca. 10–15 for 30 min at 70 °C 

in 1% sodium dodecyl sulfate (SDS), 0.1 M NaOH, 0.1 M NaCl and 0.1 M 

dithiothreitol in order to extract coat proteins. The decoated spores were 

washed extensively with distilled water (ca. 8 times) and stored at 4 °C in 

PBS. The decoating efficiency was checked by following the decrease in 

OD600 nm in the presence of 0.5 mg/ml of lysozyme.

Figure 2 : Example of microscopic image of Bacillus subtilis spores using 

phase contrast objective (x100) after growing, sporulation and washing 

stages. “Bright spore” are dormant spores. 

Spore preparation for neutron experiments

Spore samples were prepared in H2O 1 mM phosphate buffer at pH 8 (not 

corrected for isotope effects). Sample thickness was 0.4 mm to avoid too 

much absorption and multiple scattering. We wanted to apply here a 
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similar approach as Tehei et al. 23 to shed light specifically on bound and 

free water populations within the samples, which are particularly visible 

when measuring in H2O. Indeed, the incoherent scattering cross section 

is at least 40 times higher for hydrogen than for any other atom occurring 

in biological systems 18  what permits to highlight certain parts of our 

samples. Six different samples were chosen for the investigations: PS533 

and FB122 as intact and decoated spores in fully hydrated form samples 

(> 1g H2O/g sample) and two intact samples of PS533 and FB122 at 75 % 

relative humidity (equilibrated over 75% water atmosphere).  Throughout 

this paper, the latter samples are called “dried” samples against the fully 

hydrated samples. The samples for the different instruments were freshly 

prepared and checked for their weight before and after the experiment to 

insure no water loss.

Elastic and Quasi-elastic neutron scattering measurements on 

IN13, IN16B and IN6

Elastic incoherent neutron scattering (EINS) experiments were executed 

on the thermal backscattering spectrometer IN13 24 (ILL, Grenoble, 

France), which has an energy resolution of 8 eV and a momentum 

transfer range 0.2 < Q < 4.9 Å-1 between the incoming and scattered 

neutron, corresponding to a timescale of about 100 ps. Here localized 

motions can be monitored. Quasi-elastic neutron scattering (QENS) 

experiments were performed as a function of temperature on  the high 

flux backscattering spectrometer IN16B 25 (ILL, Grenoble, France), 

characterized by a momentum transfer range 0.1 < Q < 1.8 Å-1 with a very 
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good energy resolution of 0.75 eV. The instrument gives thus access to 

the timescale of about 1 ns permitting to observe diffusional motions and 

dynamics of the entire spore or within its components. We further used 

the cold neutron time-of-flight spectrometer IN6 at ILL, which monitors 

short times up to 20 ps including fast local motions of small molecules like 

water or movements of functional groups such as the rotation of hydrogen 

atoms around carbon in a methyl group. The covered Q-range is here 

about 0.3 – 2 Å-1. The ILL data is available at 10.5291/ILL-DATA.8-04-686 

26. 

Data were first reduced by subtracting scattering from the empty sample 

holder, then normalized to a vanadium spectrum providing the relative 

detector efficiency and the instrumental resolution. Absorption correction 

was based on the correction formula of Paalman–Pings 27. The complete 

data reduction was carried out using the LAMP software 28.

The sample mass and thickness were suitably chosen to optimize the 

compromise between good signal-to-noise ratio and minimum multiple 

scattering contribution. For this purpose, a transmission around 90 % was 

kept for all samples. 

The elastic incoherent intensity is given within the Gaussian 

approximation 29 by the static structure factor at zero energy exchange ω

S(Q,ω ≈ 0) ~ e-16〈u2〉Q2
,

(1)

where <u2> is the average atomic mean square displacement (MSD). This 

Gaussian approximation supposes that an atom can only undergo 

harmonic isotropic motions around its equilibrium position. For Q → 0, the 
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approximation is strictly valid, and it holds up to <u2> Q2 ≈ 2. The MSD 

can thus be obtained for each temperature by the slope of the semi-

logarithmic plot of the incoherent scattering function through

〈u2〉 ≈  - 6 ∂ lnS(Q,ω≈0)
∂Q2 .

(2)

The dynamic structure factor S(Q, ) to which QENS experiments give 

access describes the scattering signal 19, which is a function of the 

modulus of the momentum transfer Q and of the energy transfer , both 

in units of ħ:

 S(Q,ω) = [A0(Q)δ(ω) + ∑i Ai(Q)Li(Γi,ω)+B(Q)]. (3)

It contains an elastic part, proportional to a delta-function in  and 

representing the particles whose motions are not resolved within the 

instrumental resolution, and a sum over Lorentzian functions Li, which 

describe each a different motional contribution included in the QENS 

part, with a half width half maximum (HWHM) i. In particular the Γ’s 

contain information about the molecular motions, and can be related to 

physical quantities, such as diffusion coefficients or residence times, 

depending on the type of motions involved. A possible inelastic 

contribution is neglected here. B(Q) accounts for an apparent linear 

background represented by B(Q) = nQ + m, where n and m are variables 

accounting for sample (e.g., fast motions outside the spectrometer range) 

and instrument contributions. Contributions from the empty sample 

holder were subtracted following standard protocols 19. For data analysis 

the structure factor has to be convoluted with the instrumental energy 
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resolution R(Q, ), which can be mimicked by the signal of the elastically 

and incoherently scattering vanadium:

 Sexp(Q,ω)=S(Q,ω)⊗R(Q,ω). (4)

Application of eq. (4) to fit the data is called the “model-free” procedure, 

which requests many independent fit parameters and there is no known 

method to determine exactly how much the sum must be extended. We 

did a first trial of fits with one, two, and three Lorentzian functions and 

checked the quality of the fitting. As shown in Figure S1 of the Electronic 

Supplementary Information (ESI), the spectra were found to be 

reproduced quite well with two Lorentzians, so that our choice was finally 

given by:

S(Q,ω) = C(Q){A0(Q)δ(ω) + ∑2
i=1 Ai(Q) Γi(Q)

ω2 +Γi(Q)2} ⊗ R(Q,ω) +B(Q).

(5)

Here C(Q) is an arbitrary factor permitting to adjust the heights of the 

scattering curves. The amplitude A0 is the so-called Elastic incoherent 

structure factor (EISF) representing the part of particles seen as immobile 

for high Q values within the instrumental resolution. For the amplitudes 

A1 and A2 it holds that A0 + A1 + A2 = 1, so that A1 or A2 can be calculated 

from the other two amplitudes.

The Lorentzian functions give access to parameters of the motions, which 

can be extracted from their HWHM i(Q). The form of the HWHM as 

function of Q2 informs about the type of movements present in the sample. 

A pure translational diffusion in an unlimited homogeneous medium 

corresponds to Brownian motion 19 whose characteristics are a linear 
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behavior of the HWHM in Q2. The dynamic structure factor reads in this 

case:

ST(Q,ω) = 1
π DTQ2

ω2 +(DTQ2)2 ,

(6)

where DT represents the translational diffusion coefficient. This relation 

usually does not hold in the crowded medium of a macromolecule and has 

to be generalized to a motion called translational jump-diffusion 30 where 

the HWHM tends to an asymptotic limit at higher Q values. It describes a 

situation where the atoms perform oscillatory motions around their 

equilibrium positions for a time 0. After that they diffuse for a time 1 by 

continuous diffusion and these processes are then repeated. The dynamic 

structure factor can be described by a single Lorentzian with the HWHM 

JD as

ΓJD =  DTQ2

1 +DTQ2τ0
 . (7)

At small Q-values, eq. (7) reduces to Brownian’s law, and at large Q-values 

the HWHM tends to the asymptotic value ∞ = 1/0, where 0 is called the 

average residence time. In the limit where the HWHM does no longer 

depend on Q, the motions correspond to rotational diffusion within a 

confined space 31 and the correlation time of atomic motions τi, which is 

the inverse of Γi, can be calculated 32. In that case, the A0(Q) can be 

evaluated analytically 31:

A0(Q) = [3j1(Qa)
Qa ]2,

(8)
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where j1(x) = sinx
x2 - cosx

x  is a first order spherical Bessel function and a is 

the radius of a sphere within which atoms can move.  Bellisent-Funel et 

al. 33 expanded this model by an immobile fraction p, whose motions are 

not resolved by the current energy resolution. The corresponding 

equation reads:

A0(Q) = p + (1 - p)[3j1(Qa)
Qa ]2. (9)

RESULTS

IN13. EINS data of fully hydrated PS533 and FB122 samples were taken 

on IN13 and analysed according to eq. (2) to get the MSD as function of 

temperature (see Figure 3). The MSD are in very good agreement with 

our previous results from IN13 21 (see Figure 6 therein), although 

absolute values are slightly different due to small variations in hydration 

level. As in the previous publication, we did the analysis for two different 

Q-ranges: 0.5–1.67 Å−1 (called “low Q” hereafter) and 1.4–2.02 Å−1 (called 

“high Q” hereafter), with Q = (2 π)/d and d representing the spatial 

dimension in Å. The differentiation between the two Q-ranges might 

appear arbitrary, as the PS533 curve at low Q values could have been 

fitted as well with a straight line. However, for the sake of comparison 

with earlier data and to show the reproducibility, we maintained here the 

same approach as in ref. 21. The DPA-less FB122 is again more mobile 

than PS533 whatever the Q-range and a change in slope around 302 K is 

also only visible for PS533 in the low Q-range, probably due to 

germination. For all other samples and Q-ranges, the MSD change very 
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little and almost stay within error bars indicating a high resistance against 

temperature changes.

  

Figure 3: Mean square displacements <u2> as function of temperature 
for the wild-type (PS533) and DPA-less form (FB122) of Bacillus subtilis 
measured on IN13.
IN16B. All QENS data sets of IN16B were analysed with the model given 

by eq. (5). The samples were measured between 290 and 315 K in steps 

of 5 K, but as the variations in temperature were very weak, we summed 

up two data sets taken at the nearest temperatures and present them here 

for the average values of 293, 303 and 313 K. 

290 295 300 305 310 315

0.4

0.8

1.2

1.6

2.0
<u

2 >
 (A

2 )

T (K)

 PS533 low Q
 PS533 high Q
 FB122 low Q
 FB122 high Q
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Figure 4. An example of the QENS spectra analysis of bacterial spores 
taken on IN16B. (a): A fitting example showing hydrated PS533 taken at 
313 K and Q = 1.61 Å-1. The measured values are denoted by grey filled 
circles. The green, magenta, and orange lines represent the elastic 
component, the narrower Lorentzian L1, and the wider Lorentzian L2, 
respectively. The black line denotes the total fit and the background is 
shown by a red line. The upper panel describes Δ to show the quality of 
the fitting (for its definition, refer to the main text). (b): Q-dependence of 
the amplitudes A0(Q) and A1(Q) and Q2-dependence of the HWHM of the 
Lorentzians (Γ1 and Γ2) at different temperatures. The values at 293 K, 
303 K, and 313 K are shown by cyan, green, and yellow lines, respectively.
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Figure 4a shows a fit example for hydrated PS533 at Q = 1.6 Å-1.  The 

quality of the fitting was evaluated by the figure of merit (FOM) at Q = Qi, 

which is defined by

FOM = 1
Nω

∑j Δj = 1
Nω

∑j
|Sexp(Qi,ωj) -Ssim(Qi,ωj)|

Sexp(Qi,ωj) , 

(10)

where Sexp(Qi,ωj) and Ssim(Qi,ωj) are the measured and the fitted dynamic 

structure factors at Q = Qi and ω = ωi, respectively. Nω is the number of 

data points along the ω direction. The FOM value of the fitting shown in 

Figure 4a is 0.092. Figure 4b shows the extracted fit parameters for the 

three temperatures of the same sample. What catches the eye is that all 

amplitudes Ai depend only little on the temperature and were almost 

constant in Q, meaning that no differences are seen for small or large 

movements. We further obtained the HWHM Γi for the two motional 

contributions as function of Q2. Although they differ by almost one order 

of magnitude indicating two clearly distinct motions, their behavior is 

almost constant in Q2 pointing towards rotational diffusive motions.

Fitting examples and the fit results of all the samples including the 

hydrated PS533 presented above are summarized in Figures S2 and S3 of 

the ESI, respectively, and the obtained dynamical parameters are 

tabulated in Table 1.

Table 1: Summary of the dynamical parameters extracted from the 
IN16B data. The fits were error-weighted, the numbers in brackets denote 
one sigma confidence bounds from these fits. The correlation times τIN16B

1  
and τIN16B

2  were calculated as the inverse of Γ1 and Γ2.
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T(K)

Hydrated PS533

293              303                

313

Hydrated FB122

293              303               

313

Hydrated and decoated 

PS533

293            303          313 

Hydrated and decoated 

FB122

293            303            313 

A0

τIN16B
1  

(ps)

τIN16B
2

(ps)

0.673 

(0.00

4)

813 

(55)

92 

(4)

0.674 

(0.00

4)

966 

(68)

98 

(3)

0.640 

(0.00

4)

833 

(60)

90 

(4)

0.562 

(0.00

5)

944 

(84)

103 

(5)

0.560 

(0.00

5)

859 

(70)

101 

(5)

0.558 

(0.00

5)

739 

(53)

101 

(3)

0.64 

(0.02

) 

2157 

(364) 

106 

(7)

0.61 

(0.02

)

2414 

(554)

112 

(8)

0.62 

(0.03)

2291 

(697)

107 (9)

0.543 

(0.00

5)

598 

(54)

91 (6)

0.552 

(0.00

5)

710 

(74)

98 (6)

0.539 

(0.009

)

836 

(120)

100 (8)

T(K)

Dried PS533

293                              303                         313 

Dried FB122

293                              303                          

313

A0

τIN16B
1  

(ps)

τIN16B
2  

(ps)

0.837 

(0.006) 

2094 (384)

138 (10)

0.840 

(0.005)

1319 

(224)

124 (10)

0.818 

(0.005)

1347 

(265)

217 (18)

0.790 

(0.007) 

1734 (211) 

104 (7)

0.76 

(0.01)

1872 

(248)

110 (6)

0.75 

(0.01)

2362 

(291)

98 (6)

IN6. On IN6, we measured less samples due to beam time constrains. We 

had originally PS533 and FB122 in their hydrated form and at 75% rh, but 

the fully hydrated sample of FB122 lost a significant amount of water 

during the experiment (probably due to a manufactory defect of the 

sample holder), so that we could not take this data into account. The other 

data were analysed with the same model as before, but all temperatures 

were treated separately. 

Figure 5 shows the fit results for dried PS533 (Figure 5a and c) and dried 

FB122 (Figure 5b and d). As clearly seen, the fit quality is quite good. We 

used eq. (9) to fit the EISF. The amplitudes Ai(Q) are again only very little 
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dependent on temperature showing the high resistance of the samples 

against such variations. The EISF A0(Q) was found to decrease to ~0.6 at 

higher Q, suggesting that about 60 % of hydrogen atoms are seen as 

immobile for both samples though the asymptotic value of FB122 is 

smaller than that of PS533 in agreement with the higher MSD found on 

IN13 for this sample. The widths of the two Lorentzians Γ1 and Γ2 showed 

a more or less Q-independent behavior, indicative of a rotational diffusion 

at different time scales from each other. We also calculated the 

correlation times of atomic motions τIN6
i  as inverse of the i. The resultant 

dynamical parameters are summarized in Table 2. 
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Figure 5. Fitting results of the QENS spectra of dried bacterial spores 
taken on IN6. (a and b): Fitting examples of the spectra of the dried PS533 
at 315 K (a) and the dried FB122 at 310K (b) at Q = 1.66 Å-1, respectively. 
The FOM values are 0.044 and 0.054 for (a) and (b), respectively. The 
color scheme is the same as in Fig. 3 (a). (c and d): From the top to the 
bottom, Q-dependences of the amplitudes A0(Q) and A1(Q) and Q2-
dependences of the HWHM of Lorentzians (Γ1 and Γ2) of the dried PS533 
(c) and the dried FB122 (d) at all the temperatures measured. A0(Q) and 
A1(Q) are extracted by the fitting of eq. (5), denoted by filled and open 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



squares, respectively, and the lines correspond to fitting of eq. (9) to the 
A0(Q) data.

Table 2. The dynamical parameters obtained from the spectra of dried 
PS533 and FB122 on IN6 according to eq. (9). The correlation times τIN6

1  
and τIN6

2  were calculated as the inverse of Γ1 and Γ2. Errors associated with 
the fitting were not shown because they were too small (on the order of 
10-10). Data errors were used as weights in the fitting procedure.

T(K)

Dried PS533

290                     300                     

315

Dried FB122

290                    310

p

a [Å]

τIN6
1  (ps)

τIN6
2  (ps)

0.70

2.50

4.24

0.09

0.67

2.36

4.44

0.10

0.66

2.42

4.51

0.10

0.65

2.43

4.8

0.08

0.59

2.07

5.4

0.1

Figure 6 shows the fit results for hydrated PS533 at Q = 1.66 Å-1, the EISF 

A0(Q) and the HWHM Γi as a function of Q2. The fit quality is again 

excellent, but the fitting results in qualitatively different motional 

contributions. The amplitudes A0(Q), which are equal to 1 for Q  0 by 

definition (see eq. (9)), increase strongly at low Q and tend to a value 

around 0.2 at high Q pointing toward 20 % of particles seen as immobile 

for all temperatures. The amplitudes A1(Q) are generally smaller and do 

not depend strongly on temperature. The Lorentzians’ widths present 

different behaviors: Γ1 is increasing and tending towards a constant value 

for high Q, a typical characteristic of jump-diffusional behavior 30 (see eq. 

(7)). Γ2 is again constant in Q corresponding to rotational diffusion. The 

fitting results are summarized in Table 3.
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Figure 6. An example of the analysis of the QENS spectra of bacterial 
spores taken on IN6. (a): A fitting example of the spectra of the hydrated 
PS533 taken at 310 K and Q = 1.61 Å-1. The color scheme is the same as 
in Fig. 3 (a). The FOM value is 0.030. (b): Q-dependences of the 
amplitudes A0(Q) and A1(Q) and Q2-dependences of the HWHM of 
Lorentzians (Γ1 and Γ2) at every 5 K from 290 K to 315 K. A0(Q) and A1(Q) 
are extracted by the fitting of eq. (5), denoted by filled and open squares, 
respectively, and the lines correspond to fitting of eq. (9) to the A0(Q) 
data. Γ1 was fitted with eq. (7).
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Table 3. The dynamical parameters obtained from the spectra of 
hydrated PS533 on IN6 based on eqs. (7) and (9). Errors associated with 
the fitting were smaller than 10-4 due to the good statistics of the 
measurements and data errors used as weights for the fitting.

T(K) 290                                 295 300 305 310 315

p

a (Å)

DT (10-5 

cm2/s)

τIN6
T  (ps)

τIN6
2  (ps)

0.227

4.020

3.40

1.75

0.101

0.226

4.098

3.56

1.56

0.103

0.226

4.093

3.78

1.44

0.104

0.221

4.233

4.00

1.38

0.106

0.208

4.136

4.15

1.48

0.109

0.178

4.069

4.05

1.7

0.111

Whereas the types of the atomic motions are characterized by the fitting, 

precaution needs to be taken for interpreting the data because the spectra 

of hydrated PS533 taken on IN6 contain non-negligible contributions from 

water molecules in the sample in addition to macromolecules unlike the 

spectra taken on IN16B. The various motional contributions could now be 

possibly attributed to molecular groups within the sample. However, our 

specific interest in this study was to characterize the water motions inside 

the spores, whose dynamics are scarcely known and highly debated. For 

this purpose, we tried to separate the main contributions from the spores 

and the water and first estimated the macromolecular contributions 

knowing that neutron scattering only sees the entire spores and cannot 

distinguish between various parts as the cortex, coat or core. Spores are 

known to be mainly composed by about 50 % of proteins, 3 % of lipids, 29 

% of peptidoglycan, 10% of DPA, 5 % of DNA and 3 % ions 34,35. We further 

assume that DNA is big and their movements too slow to be resolved here 
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36. Our strategy to extract information on water motions from the QENS 

spectra of hydrated PS533 was thus the following: 

1. Simulating QENS spectra of the proteins, lipids and sugars using 

literature values and taking into account the relative contributions.

2. Subtracting these simulated spectra from the spectra of PS533.

3. The resultant spectrum must then arise from water dynamics in 

the spore.

We had at our disposal typical spectra of a protein collected on IN6, the 

hydrated CFP protein studied at 310 K 37. We used the spectra of 

phospholipid bilayers from 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) studied on IN6 at 311 K 38 and of glucose taken on IN6 at 300K 

(unpublished data kindly provided by Profs. A. Paciaroni and S. 

Capaccioli). Assuming in the concrete case a spore chemical composition 

(by weight) of 50% proteins, 3% of lipids and 29% of sugar, we were able 

to fit the PS533 spectra at 310 K with these contributions (Figure 7a) and 

could thus model the spectrum of water contained in the spores (in blue 

in the Figure 7a), which was then fitted again using an elastic part, two 

Lorentzian curves and a background (Figure 7b).
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Figure 7. Extraction of the spectra of water contained in the hydrated 
PS533 taken on IN6. The spectra at Q = 1.66 Å-1 and 310 K are shown. 
(a): The grey line shows the spectra of the hydrated PS533. The green, 
yellow, magenta lines denote the simulated spectra of proteins, lipids, and 
sugar, respectively (for details, please refer to the main text). The pale 
blue line is the resultant spectrum of water in the spores. (b): A fitting 
example of the spectrum of water. The green, magenta, and orange lines 
show the elastic component, the narrower Lorentzian L1 and the broader 
Lorentzian L2, respectively. The background is denoted by the red line 
and the total fit is shown by the black line. The FOM value is 0.039.

From these fits we extracted the EISF A0(Q) (Figure 8a) and the widths of 

the two Lorentzians, Γ1 and Γ2 (Figure 8b and c). The EISF was fitted by 

the diffusion-inside-the-sphere model 31. The HWHM of the two 

Lorentzians could be fitted by the jump-diffusion model 30. We stopped 

the fit of Γ2 below 1 Å-2, because the width increases again pointing 

toward confinement effects. The fit parameters obtained are summarized 

in Table 4.

(a)    (b)    (c)

 
Figure 8. Results of the analysis of the spectra of water in the hydrated 
PS533. Q- dependence of the amplitude A0(Q) and Q2-dependences of the 
HWHMs of the two Lorentzians (Γ1 and Γ2) are shown in (a), (b), and (c), 
respectively. A0(Q) was extracted by the fitting of eq. (5) and the line 
corresponds to fitting of eq. (9) to the A0(Q) data. Γ1 and Γ2 was fitted with 
eq. (7).

Table 4. The dynamical parameters obtained from the spectra of water 
in the hydrated PS533 at 310 K according to eqs. (7) and (9). Errors 
associated with the fitting could not be evaluated because the extraction 
of the spectra of water includes the use of simulated (theoretical) spectra.
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P a [Å] D1 [cm2/s] τIN6
1  [ps] D2 [cm2/s] τIN6

2  [ps]

0.14 4.83 3.81 10-5 4.25 1.15 10-4 0.97

DISCUSSION

Within all these measurements, we got a panoply of results requiring 

interpretation. One should note that neutron scattering gives only access 

on averages over all possible motions of H-atoms. Principally, one could 

apply the technique of contrast variation by exchanging parts of the 

Hydrogen atoms against Deuterium, the isotope with a much smaller 

incoherent cross section, but it is not possible in case of spores. This was 

also the reason why we tried to access water dynamics in the way 

described above.

Another general remark is in order here: the instruments IN6 and IN16B 

dispose of very different energy resolutions, namely, 90 and 0.75 eV 

HWHM in the chosen configurations corresponding to time windows of 

about 10 ps and 1 ns. The combination of both permits to sample various 

movements like a motion filter 39. However, not surprisingly, the 

correlation times of atomic motions τ1 and τ2 somehow also scale with the 

resolution even if it is not linear. In this sense, we can compare these 

quantities among different samples measured on the same instrument, 

but it does not make sense to compare them with values obtained on 

another instrument.

We suppose that we mainly observe the motions of the proteome on 

IN16B, because it represents the most abundant dry weight cellular 
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composition. Peptidoglycans and DNA form long chains and their global 

motions correspond to another time scale. In the inner membrane, a high 

degree of lipid immobilization was reported 5 so that lipids will also be 

less important. These facts are mirrored in figure 7a, where in addition to 

water the proteins have the highest contribution. The contribution of the 

peptidoglycans and DNA stays mainly within the elastic peak moving only 

little and the lipids are represented by a Lorentzian curve with a small 

absolute value although they have a broader widening corresponding to 

small motions.

Dynamical differences between PS533 and FB122

The measurements on IN16B allow to observe the dynamics of bio-

macromolecules in the spores (see Table 1), because the energy 

resolution of IN16B (~0.75 μeV) is extremely high such that the scattering 

contribution from water molecules appears mainly as an apparent flat 

background. The dynamics of the center-of-mass motion of the entire 

spores with or without DPA are characterized by the IN16B data of the 

hydrated PS533 and FB122 samples. The EISF A0, which appears almost 

constant as function of Q, represents particles seen as immobile. It is 

systematically slightly lower for the decoated particles. The coat proteins 

are indeed organized in dense, cross-linked layers 40,41 and are expected 

to be much less mobile. Strikingly, the EISF is lower for FB122 than for 

PS533, because crowding in the core is reduced in the mutant giving more 

space for motions in the latter case. Generally speaking, the A0 depend 

only very little on temperature (nota bene: we increased a lot the scale on 
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the y-axis) and decrease only slightly at 313 K translating more dynamics 

at higher temperature, as expected. However, this fact indicates a high 

stability of the spores against temperature increase.

The motions observed on IN16B correspond to two types of rotational 

diffusion within the proteome. It is very unusual to find two rotational 

diffusive motions, but rather a translational or jump-diffusive motion 

together with another rotational diffusion. This is a first indication for a 

drastic slow-down of the molecular dynamics, strong effects due to 

confinement and eventually a disturbance of the water network with 

increased mobility in the hydration shell despite a hydration of h = 0.6 

comparable or even higher than hydrated powders used for neutron 

scattering experiments 42. Generally speaking, the correlation times τIN16B
1  

and τIN16B
2  are long indicating that the spore proteins are even though not 

rotationally immobilized, at least significantly slowed down as it can be 

found typically in protein powders hydrated at around h = 0.4 42. The 

correlation times seem almost independent on temperature within error 

bars referring to a protective effect of crowding. τIN16B
1  is much higher for 

decoated PS533. The reason for that is not clear. τIN16B
2 , representing the 

fast motions likely related to protein side chains and small molecular 

subgroups, does neither depend on temperature nor on the sample type, 

as local motions are much less affected than slower global motions within 

a cellular environment 43. These findings are consistent with our previous 

results 21.

Dried PS533 and FB122 samples have, as expected, globally higher 

immobile fractions of atoms, but they are slightly lower for the DPA-less 
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spores FB122. The correlation times τIN16B
1  are affected with high error bars 

and thus not very meaningful, unless in the sense that they are higher 

than for the hydrated samples, what holds also for τIN16B
2 .

The measurements on IN6 of the same samples permit to observe atomic 

motions at a much shorter time scale of about 10 ps and can therefore be 

preferentially attributed to water molecule motions and small motions of 

molecular subgroups at the proteins’ surfaces and in close interaction 

with water. For the dried samples (see Table 2), the immobile fraction p 

decreases with increasing temperature, as expected, and is slightly lower 

for the DPA-less FB122. The correlation time arising from slower motions, 

τIN6
1 , is larger for FB122 and the correlation time from faster motions, τIN6

2 , 

is the same between the two samples. This indicates that in the DPA-less 

spores, some atomic motions are enhanced compared with the wild-type, 

but these motions are slow, resulting in a larger τIN6
1  than for the wild-type. 

Both the IN16B and IN6 data thus suggest that the biomolecules in the 

DPA-less spores show higher mobility irrespective of the existence of 

water molecules. The contribution of the slower motions is also in 

agreement with the finding that DPA exists as an amorphous aggregate 

44,45.

As explained earlier, the data of hydrated FB122 was not usable, but we 

fitted the curves of hydrated PS533 as function of temperature (see Table 

3). Here, the immobile fraction was much lower and decreased also with 

temperature, as expected for a more and more mobile sample. The radius 

a was almost independent of temperature at around 4 Å pointing toward 

confinement which is not temperature-dependent. Two dynamical 
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populations could be distinguished: the slower one corresponding to 

jump-diffusion with a translational diffusion coefficient DT higher than 

that of bulk water 46 and a residence time τIN6
T  around 1.5 ps. As stated 

previously by Trapp et al. 47, these values could be considered as an 

effective diffusion coefficient depending on the current energy resolution 

as the time window could not be sufficient to follow the complete motion 

and thus appear too high. The second faster movement corresponds to 

rotational diffusion and one gets values of τIN6
2  very similar to those of the 

dried samples. These findings suggest that there might indeed be a part 

of the proteome in close interaction with water and showing similar 

motional characteristics, and a second one with a considerable but very 

localized dynamics.

Dynamical behavior of water molecules in the spores

In general, liquid water does not generate an elastic peak in the QENS 

spectra as no molecules should be immobile. However, a remnant elastic 

peak was observed here as shown in Figure 7b, resulting in the immobile 

fraction of p = 0.14 (Table 4). It is thus possible that a small amount of 

water molecules is strongly bound to macromolecules in the spores, but a 

residual scattering contribution from macromolecules in the spectra of 

water can also not be ruled out. Stadler et al. 48 also found an immobile 

water fraction in red blood cells around 10 %.

We fit best our data using two Lorentzian curves, what means that besides 

the “immobile” water, we see two other populations representing water 
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which is more or less bound to the surface of the proteins and other 

molecules in their environment. 

The radius of a sphere, a, of water motions was found to be larger than 

that of other protein atoms measured on the same spectrometer 37,42, but 

very similar to those obtained for the hydrated PS533 (see Table 4). This 

implies that water molecules are quite mobile here, but that they are 

confined within a cage formed by a macromolecular network. Regarding 

the diffusion coefficients of the water molecules, D2 was found to be larger 

than that of bulk water at 310 K and D1 was close to it 46. Remarkably, the 

value found for D1 was again very similar to that extracted for hydrated 

PS533 showing that a strong interaction might exist between one water 

population and the surface of the proteins 49. On the contrary, D2 was 

even bigger than D1. Even though a certain overestimation due to 

resolution effects cannot be excluded, it clearly points toward highly 

mobile water at a localized scale. Indeed, some molecules or solutes can 

break the structure of the hydrogen-bonded network of neighboring water 

molecules and have a negative hydration effect making the water 

molecules hypermobile as compared to those in the bulk phase 50 51.

The residence times were similar (τIN6
2 ) or slightly larger than in bulk water 

52. It is thus unlikely that in the spore, there exist water molecules whose 

motions are highly restricted as seen in typical hydration water around 

proteins or in cells 53,54. Combined with the value of the immobile fraction, 

water molecules inside and outside of the spore appear to show enhanced 

dynamics compared with typical hydration water. Since molecules with 

higher mobility easily respond to changes in the surrounding conditions 
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such as heat, it is likely that biomolecules moving slowly in the presence 

of DPA molecules in the core contribute to the heat resistance of the 

spore.

Conclusions

In the present study, we investigated bacterial spores in their wild-type 

form (PS533) and a mutant lacking DPA (FB122). To obtain an as 

complete description as possible, we used incoherent neutron scattering 

on two spectrometers with different resolutions representing time 

windows of about 1 ns and 1 ps. We measured hydrated and dried samples 

on both instruments as well as decoated ones on IN16B. The data 

permitted to see that for all samples and both resolutions, we were able 

to fit the data with two Lorentzian functions representative of two distinct 

motions. Comparison with values in the literature permitted a tentative 

attribution of the motions to certain molecular species, however such 

approach is not a direct proof. This method is commonly used and based 

on van Hove’s classical pair correlation function 55 and proofed to be 

successful in describing molecular motions within complex samples 16,56. 

However, to avoid over-fitting, eq. (3) needs to be truncated to a small 

number of Lorentzian functions. In addition, the motions as internal 

molecular vibrations, molecular reorientations or centre-of-mass 

translations are observed at well separated time scales, so that a simple 

sum instead of convolutions of Lorentzian functions can be justified 57. 

Such combination of approximations leads necessarily to uncertainties in 

the data analysis which should not be undervalued. Nonetheless, the 
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results presented here are in very reasonable agreement to those 

obtained by similar studies 46,48 and are thus used for first conclusions.

 DPA-less samples show slightly enhanced water dynamics than the wild-

types. Whereas the proteome’s motions at a time scale of 1 ns appeared 

significantly slowed down, probably due to crowding inside the spores, 

the outcome was opposite at 10 ps, where the movements were 

comparable or enhanced compared to bulk water. Obviously, slow 

dynamics of domains or molecules like lipids accompanied by fast 

localized motions of small molecular subgroups and water molecules 

seem to be key to maintain the spore in a state which is close enough to 

the physiological one and permits germination whenever the external 

conditions allow it. The EISF presented a surprising constant behavior 

with temperature pointing toward a high stability of the spores likely 

enabling them in such a way to better thrive with such extreme external 

conditions. 
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