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Abstract 

The biochemical functions of proteins are activated at the protein glass transition temperature, 

which has been proposed to be dependent upon protein-water interactions. However, at the 

molecular level it is unclear how ligand binding to well-defined binding sites can influence this 

transition temperature. We thus report molecular dynamics (MD) simulations of the ε subunit from 

thermophilic Bacillus PS3 in the ATP-free and ligand-bound states over a range of temperatures 

from 20 to 300 K, to study the influence of ligand association upon the transition temperature. We 

also measure the protein mean square displacement (MSD) in each state, which is well established 

as a means to quantify this dynamical temperature dependence. We find that the transition 

temperature is largely unaffected by ligand association, but the MSD beyond the transition 

temperature increases more rapidly in the ATP-free state. Our data suggests that ligands can 

effectively “shield” a binding site from solvent, and hence stabilize protein domains with 

increasing temperature. 
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Introduction 

The structure and folding of biological macromolecules, such as proteins, RNA and DNA, have 

evolved in the background of several restraints from the cellular environment. Distinct interactions 

of these macromolecules with ligands and water molecules determine their structure and function, 

as in e.g. opening of ion-channels upon binding of signaling molecules at the solvent accessible 

surface of the protein[1], or the folding of proteins[2] and RNA[3], which is crucial for key activities 

such as enzyme catalysis. In addition, the recognition of ligands, including e.g. ions in soluble[4] 

and membrane embedded proteins[5,6], small organic[7] molecules, or even other macromolecules 

such as proteins[8], RNA[9] and DNA[10] can be governed by structural water molecules. Water 

access to a ligand binding site may be required in order for ligands to bind[1] or exit; e.g. protons 

cannot be released from the V-type ATPase if the protein channel is closed preventing water 

accessibility[11]. It has also been shown that protein dynamics are highly dependent upon the 

diffusion of water molecules[12]. Additionally, the coupling of the dynamics of water molecules 

with proteins has been proposed to decrease the motion of waters residing at the surface[13]. Similar 

conclusions have been made for water molecules in the vicinity of a membrane environment, 

where their dynamics are slowed remarkably compared to when in bulk solvent[14].  

Dynamical protein motions (and the motions of associated water molecules) are required for 

functional activity; these dynamic motions may include e.g. changes in the orientation of side 

chains to allow conformational changes or to induce a catalytic event. Interestingly, dynamic 

transitions have often been observed to occur at specific temperatures for proteins[15] or nucleic 

acids[16,17]. However, the origin of this so-called “transition temperature” is still not fully 

understood and continues to be the subject of intense discussion. Previous reports have indicated 

that the key driving force for the biphasic functional behavior associated with the transition 

temperature may primarily be internal protein motions[18], the hydration shell directly governing 

the structure or dynamics of the biomolecule that it surrounds[19,20], a coupling of dynamics 

between the biomolecule and surrounding water that can mutually influence one another[21], or a 

combination of some or all of these factors. It has been shown that behaviour around the transition 

temperature is dependent upon the specific chemical and three-dimensional structure of the 

biomolecule in question[21], whilst its detection may be associated with system relaxation reaching 

the time-resolution of the experimental measurement[22]. Irrespective, it is widely accepted that the 

transition temperature is highly solvent dependent, and such temperature dependent phenomena 

are suppressed in the absence of solvent molecules[23,24]. Indeed, the water layers surrounding 

proteins[25,26], DNA[16] and RNA[17] exhibit an increased mobility beyond the transition 

temperature, and this may lead to functional activation[25].   

The transition temperature of biomolecules such as proteins is usually found at ~200-240 K[15–

17,26,27], below which they tend to lose their function[18]. The dynamic transition associated with the 

activity of biological macromolecules has been shown to be associated with a sharp rise in the 

mean square displacement (MSD) of their hydrogen atoms. Below this transition temperature, 

there is a linear increase in MSD with increasing temperature. This is true for both dry and wet 

samples, suggesting that the behavior is not dependent upon the sample hydration. On the other 

hand, proteins in a fully hydrated environment diverge from this behavior above the transition 
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temperature, as the slope of the MSD increases remarkably with increasing temperature, in contrast 

to dry samples of proteins[28] and RNA[28,29]. Beyond direct hydration-dependent effects, additional 

factors also appear to affect the transition temperature. For example, it was recently shown that the 

presence of ions causes an increased flexibility[30], possibly by altering the hydration properties or 

influencing local structural characteristics associated with solvent-coupled folding[31,32]. In 

addition, it has been shown that above the transition temperature, different bio-protective ligands 

influence the hydrogen MSD[33,34]. Thus, it seems that ligands are able to dampen biochemical 

activity by “shielding” the biomolecule that they are bound to. 

Using molecular dynamics (MD) simulations, the transition temperature and MSD below and 

above this temperature have been studied for a range of folded[19,35,36] and intrinsically 

disordered[27,37] proteins, DNA[38,39] and RNA[40,41]. In this study, we simulated the high affinity 

ATP binding R103A/R115A mutant of the ε subunit from thermophilic Bacillus PS3[42] when 

bound to[43] and free of ligand, at temperatures ranging from 20 – 300 K, in order to calculate the 

transition temperatures in both states. Based on this work, we show how the behavior of key 

binding site residues and different amino acid types depend upon temperature, and how this is 

coupled to larger scale protein motions.     

 

Material and Methods 

We extracted the final structure from our previous simulations[43] of the R103A/R115A mutant 

from the ε subunit from thermophilic Bacillus PS3, and after removing the ligand, simulated it at 

300 K for 100 ns to equilibrate the system. The box sizes of both systems were approximately 83 

x 83 x 58 Å3, and contained ~12,500 water molecules. Counterions were added to neutralize the 

system charge; additionally, in the ATP bound state, four magnesium ions were added (as in the 

initial simulations[43,44]). After equilibration, we simulated the ligand-free and ligand bound 

states[43] at temperatures ranging from 20 to 300 K, in increments of 10 K. Each temperature 

window was simulated for 10 ns. All simulations were carried out with GROMACS (version 2018) 
[45], applying the AMBER-ILDN force-field[46–50] and the TIP3P water model[51]. Temperature was 

kept constant using the velocity rescale thermostat[52], and pressure was maintained at 1 bar using 

the Parinello-Rahman barostat[53]. Van der Waals and electrostatic interactions were calculated 

using a real space cutoff of 12 Å. The Particle Mesh Ewald method[54] was used for the calculation 

of electrostatic interactions in Fourier space. The LINCS algorithm[55] was used to constrain bonds 

involving hydrogen atoms. An integration time step of 2 fs was used. The MSD for all protein 

hydrogen atoms (or a defined selection of hydrogen atoms) was calculated every 100 ps, as 

reported previously for RNA[41]. To calculate the MSD, all protein hydrogen atoms were aligned 

to obtained the minimum root mean square deviation (RMSD) relative to the initial structure. The 

first nanosecond was considered as equilibration time for each window. To check if the simulations 

were equilibrated, we conducted a block-wise analysis in 3 ns windows following equilibration 

(i.e. 1-4 ns, 4-7 ns and 7-10 ns). Hydrogen bonds were detected when the distance between donor 

and acceptor was equal to or less than 3.5 Å and the angle between hydrogen, donor and acceptor 

was equal to or less than 30º. The number of water molecules was calculated using a 3.5 Å cutoff 

(H2O:O) distance from the protein. The root mean square fluctuation (RMSF) was calculated using 
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default GROMACS settings. Error bars represent standard deviation derived from the error of the 

whole atom selection of interest over the whole simulation at the designated temperature. 

Normal modes were calculated based on a concatenated trajectory at all temperatures for each 

system individually using the mwcovar tool in GROMACS. Normal mode analysis decomposes 

the backbone motions observed into a set of collective motions with decreasing contributions to 

the overall variance observed. Normal mode 1 describes the largest-scale collective motions, 

whereas higher-numbered normal modes correspond to increasingly high frequency fluctuations. 

Trajectories were projected onto the identified eigenvectors describing the collective motion of 

each node. The amplitude of the fluctuations of position within each projected normal mode 

indicates the contribution to total dynamics of this mode at a specific temperature.  

As the observations discussed in this manuscript comprise two protein states (ligand-bound and 

ligand-free) and a range of temperatures (20-300K) that are associated with both states, it is 

appropriate to evaluate differences in ligand-bound vs ligand-free behavior over the full range of 

temperatures. Hence, we using a repeated measures analysis of variance (ANOVA) test to assess 

significance. 

 

Results  

Conventional MD simulations in the ligand free state at 300 K 

To equilibrate the system of interest, we simulated the ligand-free R103A/R115A double mutant 

of the ε subunit from thermophilic Bacillus PS3 in the contracted conformation without ligand 

bound to the protein; the corresponding simulations with an ATP molecule bound to the protein 

are described elsewhere[43]. The protein consists of a β-sheet at the N-terminal domain and an α-

helical C-terminal domain (PDB-ID: 2E5Y)[56]. The core of the N-terminal β domain is built 

around a cluster of hydrophobic residues, whereas the surface residues are divergent in residue 

type. The α-helical domain consists of a high proportion of charged residues, of which some (E83, 

R92, R99, R122 and R126) bind the ligand, as shown by the crystal structure of the wild type 

protein[56] and subsequent MD simulations of the wild type[44] and the mutant[43]; ATP binding is 

required to control the conformational state of the protein which regulates the function of the 

bacterial ATP synthase (see[57] for a recent review). These MD simulations revealed that the 

R103A/R115A mutant binds ATP with increased stability with respect to the wild type[43]; this is 

in agreement with previously obtained experimental data, yielding ATP dissociation constants of 

52 nM[42] and 4.3 μM[58] for the mutant and wild type ε subunit from thermophilic Bacillus PS3, 

respectively. However, it should be mentioned that the ATP binding affinity is subject to change 

if different fluorescence dyes are used[59]. Additionally, it should be noted that the single mutants 

(R103A and R115A) have been predicted to similarly increase the ligand binding affinity 

significantly with respect to the wild type[60], but this remains to be experimentally evaluated. 

During our simulations of the ligand-free state, we observed that the ligand binding residues 

quickly re-orientated, since the positive charge density is very high in the binding site area in the 

absence of the oppositely charged ATP molecule. After 100 ns, the charged residues were observed 

to be either bound to carboxylate groups (E83 and D89 bind to R92 and R126, respectively) or 
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were pointing out into the bulk water (R99 and R122). The structure of the protein (Figure 1a) and 

ligand binding site in the ATP bound (Figure 1b) and free (Figure 1c) states are shown in Figure 

1. 

 

Figure 1: The structure of the ε subunit. a) Whole ε subunit from thermophilic Bacillus PS3 

(ligand free state). b) Zoom into the ATP-bound (orange) and c) ligand free (lime) states of the 

R103A/R115A double mutant after 100 ns equilibration. Water is omitted for clarity, except for 

structural ones bound to Mg2+. b) is adapted from[43], distributed under a CC 4.0 license. 
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The effect of ligand binding on protein MSD 

To study how ligand binding influences the MSD, which typically rises for proteins linearly after 

crossing the transition temperature[18], we simulated the high affinity ATP binding[42] mutant of 

the ε subunit from thermophilic Bacillus PS3 in the ATP bound and ligand free states at 

temperatures ranging from 20 K to 300 K in increments of 10 K. One difference in our fully 

hydrated simulations to some experimental setups is the lack of a powder state. In previously 

reported simulations, both approaches have been used (both solvated powder, in which the quantity 

of water corresponds to the experimental hydration level [19,27,36,37], and the powder-free, fully 

solvated state[35,38,39,41]); irrespective of the precise treatment (powder or solvation) of the systems, 

these studies typically led to similar results with respect to the prediction of the protein transition 

temperature. The transition temperature has been found to be attenuated, but not suppressed, for 

protein domains not facing the water surface at the protein-water interface[37]; however, it is 

important to note that water properties in a powder are different than in bulk solution[61] and also 

that the water model has been shown to influence the transition temperature[62,63]. Some small 

organic molecules –  which may not bind to a well-defined ligand binding site but instead to the 

surface of the protein – have also been experimentally shown to decrease the MSD of hydrogen 

atoms[33,34], although the molecular reasons are not established, yet.  

Our simulations showed that the MSD behaves similarly in the presence or absence of ligand, until 

the transition temperature is reached at ~190 K (Figure 2, left panel). This is slightly lower than 

the experimentally measured transition temperature range typically found for biomolecules, at 

~200-240 K, but in this context, it is worth noting that the chosen water model is likely to influence 

the temperature-dependent MSD behavior. Indeed, it was previously reported that a modified 

version of the TIP3P model, as used in this study, tends to under-estimate the transition 

temperature by ~10-20 K compared to TIP4P-based water models based on the MSD of hydration 

water molecules and heavy protein atoms of the Trp-cage[63] or ~30 K for myoglobin[62]. 

Irrespective, numerous studies have suggested that, notwithstanding the precise transition 

temperature observed, multiple water models can be effectively used to qualitatively mimic the 

protein transition successfully, as shown for e.g. Trp-cage[63] or myoglobin[62]. In addition, the ε 

subunit from thermophilic Bacillus PS3 undergoes large-scale conformational changes[64] that may 

also influence the transition temperature; the origins of such discrepancies thus also await further 

experimental probing. 

Beyond the transition temperature, a linear increase of the MSD in both simulation systems was 

observed, with a steeper slope in the ligand free system; however, we observe that despite the 

slightly steeper slope (Figure 2, left panel) the data points of the MSD for the apo (ligand free) and 

holo (ligand bound) state are within the error bars, suggesting a non-distinguishable behavior. We 

also compared the MSD of the β-sheet versus α-helical domains, the latter of which harbors the 

ATP binding site; again, the MSD of protein hydrogen atoms was calculated in the ligand bound 

and ligand free states. The MSD of the hydrogen atoms was found to be lower for both the whole 

protein or for the ATP binding α-helical domain when ATP is bound (Figure 2, middle panel), 

compared to when the protein is ligand free. The effect of ligand binding on the β-sheet domain 
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was marginal (Figure 2, right panel), though still apparent, compared to the α-helical ligand 

binding domain.  

 

 

Figure 2: Calculated MSD at different temperatures in the ligand-bound and unbound state for the 

whole protein, the ligand binding α-helical domain, and the rigid β-sheet. P-values were calculated 

using a repeated measures ANOVA test. All differences are significant at the p=0.01 level. 

 

In our simulations, the transition temperature could be observed at ~ 190 K, independent of the 

absence or presence of ligand  (Figure 2, left panel). It has previously been suggested that the effect 

of increasing MSD beyond the transition temperature is dependent upon interactions and re-

orientation of water molecules[13]; indeed, in our simulations, in the ligand free state, the residues 

which normally coordinate ATP[43,44,56] became solvated (Figure 1c). Furthermore, it has been 

shown that anharmonic motions of hydrophobic residues are activated at low temperatures, in the 

range of ~100-160 K, whereas the transition of polar residues is determined by their hydration 

layer at a higher temperature range of ~180-220 K[65]. To estimate the influence of the temperature 

on the anharmonic motions of hydrophobic residues and the interactions of polar residues with the 

water layer in a first sphere of the protein, we calculated the specific MSDs for polar, charged, 

aromatic, or hydrophobic residues. We observed an increased MSD of aliphatic and aromatic 

residues in the low temperature region, as well as a slight increase in this temperature regime for 

polar residues. However, the MSD of polar and charged residues began to significantly increase at 

the transition temperature, i.e. where the glass transition occurs for water molecules[65]. 

Additionally, we compared the individual MSD patterns for the ATP binding site residues (E83, 

D89, R92, R99, R122 and R126), and for the protein excluding binding site residues, in the ligand 

bound versus ligand free states. In general, the MSD was observed to be lower when the residues 

are coordinating ATP, compared to when the protein is ligand free. The results are shown in Figure 

3. To confirm that the simulations at each temperature had converged, we performed a block wise 

analysis of the MSDs, as shown in Figure S1. In general, all residue types show a similar pattern 

of increasing MSD over the temperature regime simulated in the ligand bound and apo states, and 

the error bars tend to overlap in both states (Figure 3). However, we estimated the statistical 

significance using the repeated measures ANOVA method, and all differences in the MSD of the 

apo and holo state were found to be significant at the p=0.01 level, except for aliphatic and 
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aromatic residues. Irrespective, the most striking difference (i.e. without overlap of error bars) was 

observed for the binding site residues (and to a certain extent positively and negatively charged 

residues, as the side chains of these residue types coordinate ATP – E83, R92, R99, R122 and 

R126). Thus, our results suggest that ligand association has a major effect upon the temperature-

dependence of protein dynamics locally within the binding site. 

 

 

Figure 3: MSD measured for different residue types, as well as either for residues of the ligand 

binding site, or for the entire protein excluding binding site residues. P-values were calculated 

using a repeated measures ANOVA test. All differences except aromatic and aliphatic are 

significant at the p=0.01 level. 
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The number of water molecules and the water-protein hydrogen bonding network are 

altered under different conditions of temperature or ligand binding 

To further investigate the effect of the ligand, we measured the number of protein-bound water 

molecules, along with the number of hydrogen bonds formed between protein and water molecules 

versus competing internal, intra-protein hydrogen bonds.  We found that the number of water 

molecules (based on a cutoff distance of 3.5 Å) and the corresponding number of protein-water 

hydrogen bonds remained stable at lower temperatures, until reaching the transition temperature, 

beyond which the number of bound water molecules steadily decreased with increasing 

temperature, irrespective of the presence or absence of ligand (Figure 4). 

 

 

Figure 4: Water-protein and protein-protein interactions, measured as a function of the 

temperature for both ligand-bound/-free states. a) Number of water molecules in the vicinity of the 

protein. In b) the number of protein-water and c) protein-protein hydrogen-bonds are shown. All 

graphs show data derived at temperatures from 20 – 300 K. Black and red data points denote the 

ligand bound and ligand free systems, respectively. 

 

The number of water molecules around the protein was similar at low temperatures in the ligand 

bound and free states (Figure 4a), correlating  with the calculated transition temperature of water 

(Figure S2); however, no correlation was found between the water density and the number of water 

molecules prior to reaching the transition temperature (Figure 4 and Figure S3), possibly due to 

the reduced mobility of water at low temperatures. However, in the temperature regime of ~120 – 

200 K, the ligand-free protein harbored more water molecules compared to the ligand bound 

protein. It should be noted that the glass transition temperature of hydration water is found 

experimentally at 220 K[66]. Beyond this glass transition temperature of water, the amount of 

protein-bound water molecules decreased significantly in both states during our simulations 

(Figure 4a)). This behavior was also observed separately for the β-sheet and α-helical domains 

(Figure S4). In both states, the number of water molecules for polar and positively charged residues 

was observed to follow the same trend (Figure S4), while negatively charged residues showed an 

increased number of waters in the ligand bound state. This can be explained by the exposure of 

D89, which is stably bound to R92, as shown in Figure S5. Furthermore, we observed a decrease 

of the water occupancy for aromatic residues in the ATP-free compared to the ATP-bound state 
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(Figure S4), caused by a conformational change involving the flip of the aromatic ring of F113, 

which leads to an increased number of protein atoms in the vicinity of this residue (Figure S6). 

Without further conformational sampling, it is unclear whether this conformational switch is 

functionally relevant. 

In addition, we observed that the number of hydrogen bonds between the protein and water in the 

ligand-bound versus ligand-free states were significantly different at low temperature, but became 

similar at higher temperatures (Figure 4b), also observed for the β-sheet, but not for the α-helical 

domain (Figure 5a, left panel) – thus the decay of hydrogen bonds of the whole protein is derived 

by the interactions of the β-sheet with the bulk solvent. The number of these hydrogen bonds 

decayed with increasing temperature, once the transition temperature had been crossed. This also 

parallels comparable observations made previously for lysozyme[35].  

 

Decomposing the hydrogen bonds formed between water and different kinds of residues on the 

protein reveals similar temperature-dependent behavior irrespective of amino acid type. In the 

ligand-free state, the total number of per-residue hydrogen bonds with water was observed to 

follow the trend: acidic > basic > polar residues.  In the ligand-bound state, this changed slightly 

to follow the trend of: acidic > basic ≈ polar residues (Figure 5).  However, the number of hydrogen 

bonds between basic residues and water was significantly higher in the ligand-free versus ligand-

bound states. This is expected, since the ligand binding site residues (E83, D89(backbone), R92, 

R99, R122 and R126) are mainly positively charged residues. 

 

Figure 5: a) Number of hydrogen bonds of different types of protein residues with water in the 

ATP bound and free states at temperatures ranging from 20-300 K. Additionally, the number of 
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hydrogen bonds between the protein and ATP is shown for the ligand-bound state. In b) a 

comparison of the hydrogen bonds for different residue types is shown for the ligand bound and 

apo-state at different temperatures, respectively. 

  

Structural flexibility of the protein at different temperatures in the ligand bound and free 

states 

To study the structural flexibility of single residues at different temperatures, we calculated the 

per-residue Cα root mean square fluctuation (RMSF) at each temperature (Figure 6). Independent 

of the presence or absence of ligand, we observed an increased magnitude of RMSF in structurally 

flexible regions beyond 160 K, in e.g. the loop connecting both α-helices (residues 105-112). 

Although the Cα RMSFs at different temperatures for the ligand-bound and unbound states are 

similar for most residues (Figure S7), increased flexibility in the ligand-free state can be observed 

for a number of residues (Figure 6).  
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Figure 6: RMSFs of the Cα atoms for each residue at different temperatures in the ligand-bound 

(blue) and ligand-free (red) states. It is apparent that the behavior of the protein for most residues 

is similar between the two states. However, a limited number of residues exhibit different behavior 

depending upon whether ATP is bound, including G56, K57, S64, G65, Q80, A81, D89, V90, L91, 

R92, A93, Q108, D109, D110, I111 and D112. In all these cases, ATP binding causes reduced 

flexibility as temperature increases, which indicates that the ligand stabilizes the protein in these 

regions. Significance was assessed using a repeated measures ANOVA test. 
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The molecular basis for binding site flexibility at different temperatures 

To rationalize the flexibility of amino acid residues in the binding site at different temperatures, 

we compared their RMSFs (Figure 7). The RMSF values of these residues in both ligand-free and 

ligand-bound states were found to be similar and consistently low below the transition temperature. 

Furthermore, residues which are stabilized by protein-protein interactions (e.g. the salt bridge 

formed between E83 and R126, Figures 1 and S5) are further lowered in comparison with solvated 

residues (e.g. R99), particularly above the transition temperature. Finally, ATP binding was found 

to significantly lower the fluctuations of the binding site residues compared to the ligand-free state 

– again, particularly around and above the transition temperature. 

 

 

Figure 7: RMSF of ATP binding residues (E83, D89, R92, R99, R122 and R126) in the ligand 

bound (left) and ligand free (right) state from 100 to 300 K.  

 

Normal mode analysis suggests that large scale motions are coupled to the mobility of water 

Normal mode analysis was performed on concatenated trajectories of the Cα atoms of the protein. 

Subsequently, these normal modes were used to quantify the degree to which different 

temperatures affect motions at different frequencies. In general, low-frequency eigenmodes are 

associated with large-scale, often functional dynamics of proteins. When analyzing the 

contributions of different modes in our systems, we found that in both the ligand-bound and ligand-

free states, a relatively large number of modes yielded significant contributions to the overall 

protein dynamics (Figure S8). Hence, we assessed the 50 lowest-frequency normal modes with 

regard to their temperature dependence. As shown in Figure 8a and b, both in the ligand-bound 

and ligand-free systems a significant change in behavior can be observed around 160 K for the 15 

lowest-frequency normal modes. As the frequency of normal modes increases, a gradual transition 

to linear behavior occurs (Figure 8). We thus conclude that, whereas high-frequency fluctuations 

largely correlate with temperature linearly, a distinct state transition can be observed for likely 

functional low-frequency modes at around 160 K. This transition coincides with increased 
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flexibility of the solvent (Figure S2), suggesting that large scale motions are increased at 

temperatures higher than 160 K, as these motions cannot happen in the less mobile solvent (Figure 

8).  

 

Figure 8: Normal mode analysis of temperature-dependent dynamics. Standard deviations of the 

first 50 normal mode amplitudes as a function of temperature were calculated and representative 

low-frequency (1-3), intermediate frequency (26-28) and high frequency (48-50) modes are 

shown. A distinct change in behavior is evident in the low-frequency eigenmodes around 160 K. 

High-frequency eigenmodes exhibit largely linear behavior throughout the full temperature rage. 

Results for the ligand-bound and ligand-free states are shown on the left and right, respectively. 

 

Normal mode analysis indicated that the transition mainly occurs in low-frequency, large-scale 

motions. As indicated in Figure 8b, the fluctuations of low-frequency modes (Figure 8b, NM1, 

NM2, NM3) show a considerable non-linear behavior. This non-linear behavior is less pronounced 

for intermediate frequency modes corresponding to smaller-scale dynamics (Figure 8b, NM26, 

NM27, NM28) and almost completely disappears for high-frequency fluctuations (Figure 8b, 

NM48, NM49, NM50). This behavior indicates that the transition described in this manuscript 

affects primarily the global dynamics and major conformational arrangements within the protein, 

whereas smaller-scale and local dynamics respond in a more linear fashion to changes in 

temperature. 

 

Discussion 

We simulated the R103A/R115A mutant of the ε subunit from thermophilic Bacillus PS3 in both 

the ligand-bound and ligand-free states, at temperatures ranging from 20 K to 300 K in 10 K 

increments. Based on the resultant data, we have drawn several general conclusions. First, the 
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ligand-free protein reorients its residues in the ligand binding site at 300 K, in order to either build 

internal salt-bridges (Figure S5) or to become more exposed to water molecules from the bulk 

solvent (Figure S4). We found an increased number of water molecules in the vicinity of the 

protein in the ligand-free state, caused by additional space in the binding site (Figure 4a). In 

addition, we found a different amount of hydrogen bonds were formed between the protein and 

water at low temperature, but a similar number at higher temperature, when comparing between 

ligand bound versus free states (Figure 4b); however, differences in the hydrogen bonding 

properties of positively charged and polar residues with water molecules can be observed (Figure 

5); this is also in agreement with the reduced number of hydrogen bonds of the binding site residues 

with water in the ligand bound state (Figure 5). We further observed that the total number of 

hydrogen bonds formed between the protein and water peaks at the transition temperature (Figure 

4b). This indicates that the increase in dynamics of water molecules near the transition temperature 

allows them to reorient and thus to interact favorably with the protein, while below the transition 

temperature the water molecules are locked in position. Above the transition temperature, the high 

water mobility enables the rapid reorganization of the water-protein hydrogen-bond network.  

 

Analyzing the MSDs of protein hydrogen atoms for both systems, we observed that for both ligand-

bound and ligand-free systems, the anharmonic motions of aliphatic and aromatic residues became 

activated at low temperatures (80K-160 K) (Figure 3) , and that the transition temperature occurs 

at ~190 K (Figure 2), in agreement with a previous study[65]; we also found an additional regime 

of increased flexibility at ~160 K for structurally flexible regions of the protein. These results show 

that ligand binding does not have a crucial influence on the transition temperature of the protein, 

but water molecules need to be flexible to induce protein activity (Figure 8); large scale motions 

begin to dominate after the solvent becomes more mobile, as their contribution increases 

disproportionally. In contrast, beyond the transition temperature, a reduced slope of increasing 

MSD was observed in the ligand-bound versus ligand-free state, indicating higher flexibility of 

residues in the latter (Figures 2 and 3). Normal mode analysis reveals that the transition occurs 

mainly in the larger-scale motions (Figure 8a). For smaller fluctuations corresponding to higher 

frequency normal modes (Figure 8b, lower) a largely linear behavior with temperature is observed. 

Hence, we conclude that the transition is a collective phenomenon of the full protein. This 

observation is independent of ligand binding, as shown by the ligand-bound and ligand-free curves 

in Figure 8. 

Ligand binding had only a marginal effect on the N-terminal β-sheet (Figure 2, right panel), but 

affected the α-helical domain notably (Figure 2, middle panel), as it harbors the ATP binding site. 

The hydrogen atom MSDs of the binding site residues did not significantly increase after crossing 

the transition temperature in the presence of ATP, but the MSD increased significantly in the 

absence of ATP (Figure 3); thus, the most significant difference was found at a local level between 

the apo and holo state. This implies that ligand binding shields the binding site residues and that 

the increasing MSDs are due to the molecular properties of the water molecules surrounding the 

protein, as discussed previously[66] and also supported by the reduced flexibility of the binding site 

residues at higher temperatures (Figure 7). In addition, these results are in agreement with other 
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reports that solvent exposure increases protein mobility[37], and that the transition temperature is 

induced by the dynamics of the solvent[36]. Corroborating this interpretation, the MSDs increase 

significantly at higher temperatures for the binding site residues in the ligand-free state. Thus, the 

ligand effectively “shields” the binding site residues from solvent leading to a decreased MSD, as 

also supported by the differential RMSF values for the ligand-free versus ligand-bound states 

(Figure 7). Of note, it has been shown that the presence of sucrose and trehalose can increase the 

transition temperature of a protein and thus slow down its dynamics[33,34,67]. The molecular basis 

for this is unknown, but it is possible that the sugars shield the protein hydrogen atoms from 

surrounding water, similarly to the effect of ATP shown here in shielding the ligand binding 

residues of the Bacillus PS3 ε subunit.  

Comparing the MSD for different kinds of residues below the transition temperature, we observed 

an increased MSD for aliphatic, aromatic and polar residues in the low temperature region (80-

160 K), while the MSD of charged residues remained stable (Figure 3); the polar residues show 

this behavior due to the methyl group of threonine residues (Figure S9). These results correlate 

with previous studies, which have shown that methyl group rotation causes an increased 

MSD[68,69]. An additional study also suggested, in agreement with our results, that aliphatic and 

aromatic hydrogen atoms are activated by anharmonic motions at 100-160 K[65].  A similar 

behavior could be observed for the purple membrane; the membrane hydrogen atom MSDs 

underwent a first transition at 120 K before a second transition temperature (~260 K) was reached, 

where the MSD of membrane hydrogen atoms was significantly increased[70]. Thus, our results are 

in agreement with previously reported data and show that aliphatic and aromatic residues become 

activated in the low temperature regime. Furthermore, when comparing the MSD of different 

residue types, after crossing the transition temperature, we observed a trend of increasing MSDs 

according to: acidic residues < polar residues ≈ aromatic residues ≈ aliphatic < basic residues 

(Figure 3). A possible reason for this behavior is the varying capacity of these different amino acid 

types to coordinate water molecules. At neutral pH, carboxylate groups are hydrogen bond 

acceptors. This property may allow a higher ordering of the water molecules compared to polar, 

aliphatic, aromatic residues and positively charged residues. The latter act as hydrogen bond 

donors (K:Nz and R:NHx), and thus the flexibility and displacement of the donor hydrogen atom 

is expected to be strongly influenced by motions of the hydrogen bond acceptor (water oxygen).   

 

Conclusions 

We simulated the high affinity ATP binding ɛ subunit from thermophilic Bacillus PS3 in the ligand 

bound and ligand-free state at temperatures ranging from 20–300 K. We found that the transition 

temperature is largely unaffected by ligand binding and only leads to local effects, such as e.g. in 

the ligand binding site and certain ligand-associated structural elements. However, after crossing 

the transition temperature, the MSDs of the ligand-free state are slightly increased in comparison 

to the ligand bound state. Furthermore, our data indicates that ligand binding to macromolecules 

is able to “shield” a binding site from solvent, and thus ligand binding can stabilize protein domains 

with rising temperature. 
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