
RESEARCH ARTICLES 

CURRENT SCIENCE, VOL. 85, NO. 11, 10 DECEMBER 2003 1571 

Dynamics of water at the interface of a small 
protein, enterotoxin 

Sundaram Balasubramanian*, Sanjoy Bandyopadhyay†, Subrata Pal‡ and  
Biman Bagchi‡,* 
Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, Jakkur, Bangalore 560 064, India 
†Department of Chemistry, Indian Institute of Technology Kharagpur, Kharagpur 721 302, India 
‡Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, India 

Fully atomistic molecular dynamics simulations have 
been carried out to investigate the correlation of bio-
logical activity with dynamics of water molecules in 
an aqueous protein solution of the toxic domain of 
enterotoxin (PDB ID: 1ETN). This is a small protein 
of 13 amino acid residues. Our study of this water solu-
ble protein clearly reveals that water dynamics slows 
down in the hydration layer. Despite this general slow-
ing down, water molecules in the vicinity of the second 
ββ turn of this protein exhibit faster dynamics than 
those near other regions of the protein. Since this ββ 
turn is believed to play a critical role in the receptor 
binding of this protein, the faster dynamics of water 
near the ββ turn may have biological significance. The 
collective orientational dynamics of the water mole-
cules in the protein solution exhibits a characteristic 
long time component of 27 ps, which agrees well with 
dielectric relaxation experiments. 

IT is now generally accepted that the water molecules in 
the hydration shell around a protein play an important 
role in its biological activity, in addition to stabilizing the 
native state of the protein. Thus, an in-depth understand-
ing of the dynamics of water molecules at the surfaces of 
proteins in aqueous solution is required to understand the 
functions of these biomolecules. This area has long been 
a subject of tremendous interest, being pursued by physi-
cists, chemists and biologists alike1–4. Unfortunately, the 
dynamics of water molecules at heterogeneous surfaces 
are not easily amenable to direct experimental studies and 
as a result, progress has been rather slow, and the specific 
role of water in the activity of a given protein has often 
been left unclear. 
 In a series of recent papers, Vijayan and coworkers5,6 
have investigated the nature of hydration water by vary-
ing the humidity of hydrated proteins. They observed that 
the biological activity is lost at low humidity because the 
water molecules around the active sites are more labile 
than others in the hydration shell, and as a result, are the 
ones to be removed first. This is an interesting result 

which suggests that in many cases the water molecules 
surrounding the active site can be more mobile so that 
they can participate in the ligand-binding process. This 
seems particularly true for lysozyme where the hydropho-
bic cavity is found to shrink in size due to water removal at 
high dehydration. It is, therefore, of great interest to under-
stand the dynamics of water near the active sites. The 
questions that one would naturally ask, pertain to the rea-
son for and the amplitude of the relative fastness of water 
near the active site. This knowledge can help us in deve-
loping a detailed understanding of protein’s biological 
function. Vijayan and coworkers further found that in 
several proteins that they studied (lysozyme, ribonuclease 
and others), many of the water molecules in the hydration 
shell are used to stabilize the three-dimensional structure 
of the protein and these water molecules do so by form-
ing bridges5,6. These water molecules are not easily  
removed upon dehydration. Thus, one may infer that the 
water molecules that stabilize the three-dimensional 
structure of proteins are dynamically slow while the ones 
that are biologically active are the relatively fast ones. Of 
course, such a generalization, however tempting, need 
not be universally valid, and requires a lot more work 
before any conclusion can be reached. 
 Among various experimental techniques that have been 
employed to understand the dynamics of water in the pro-
tein hydration shell, NMR, dielectric relaxation, and sol-
vation dynamics in aqueous protein solutions have proved 
to be rather fruitful1,3,7–9. The discovery that water dyna-
mics at the surfaces of biological macromolecules and of 
self-organized assemblies is much slower than what it is 
in bulk was first elucidated by dielectric relaxation (DR) 
experiments of aqueous protein solutions and colloids1,8,10,11. 
In all these systems, one typically finds an anomalous dis-
persion, in the range of 40–100 ps (called the δ disper-
sion) which has been attributed to the water molecules at 
the surface of the macromolecule. As can be expected, 
these water molecules are much slower in their single 
particle dynamics than the water molecules in the bulk 
solution12–16. In addition to the study of DR, recently seve-
ral solvation dynamics studies have been carried out on 
aqueous protein solutions, micelles (both normal and  
reverse), lipid vesicles and other similar systems using 
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the fluorescent probes located near the surface of the 
macromolecule/self-assembly7,18,17–21. In these solvation 
dynamics experiments too, a slow component has been 
observed. In some cases, this slow component was found 
to decay with a time constant in the range of 20–40 ps, 
which can be attributed to the dynamical exchange bet-
ween free and bound water as mentioned above7. 
 In view of the discussions given above, one would  
expect that the water molecules in the hydration shell of 
protein should show a bimodal dynamics, to a first approxi-
mation. A part of the water molecules should continue to 
be mobile and fast (like their bulk counterpart) while a 
significant number should be slow. As remarked earlier, 
these ‘free’ and ‘bound’ water molecules could play quite 
different biological roles. This view seems to have been 
substantiated even in the case of the small protein we 
investigate here. 
 Several recent computer simulation studies have explo-
red water dynamics near proteins, such as lysozyme which 
are moderate size proteins22–25. However, these studies are 
yet to explore the biological role of water in great detail. 
In this article, we present an atomistic molecular dyna-
mics (MD) simulation of water molecules in a solution of 
a simple but biologically relevant protein. The protein 
that we study in this work is the toxic domain of heat 
stable enterotoxin (PDB ID: 1ETN). Heat stable entero-
toxins (ST) are produced by E. coli bacteria in the intes-
tine and are responsible for acute diarrhoea in humans 
and animals. They display a remarkable ability to retain 
their activity even at 100°C, hence the moniker, ‘heat-
stable’26. Similar enterotoxins are also secreted by other 
pathogenic bacteria. This class of peptides typically con-
tain 18 or 19 amino acid residues, and share a common 
13 amino acid sequence, which is27,28. 

Cys5–Cys–Glu–Leu–Cys–Cys10–Asn–Pro–Ala–Cys–
Ala15–Gly–Cys (Full peptide position) 

Cys1–Cys–Glu–Leu–Cys5–Cys–Asn–Pro–Ala–Cys10–
Ala–Gly–Cys (Toxic domain position) 

Since this domain is conserved in several enterotoxins, 
one expects this 13 residue domain to be the primary rea-
son for the toxicity of the 19-residue long protein. A 
striking feature of the toxic domain is the richness of sul-
phur containing cysteine residues. The six Cys residues 
form three disulphide bridges (between Cys5 and Cys10; 
Cys6 and Cys14; Cys9 and Cys17), and provide stability to 
the ambient structure of the protein, and also probably aids 
in its heat stability29. In 1991, the group of Shimonishi30 
capped the first and the last Cys residues, and were able 
to crystallize this molecule. The residue ‘5’ is the N-termi-
nus and the residue ‘17’ is the C-terminus. In the follow-
ing, we refer to the residues with respect to their position 
in the full protein, in step with earlier workers28. 
 1ETN has a simple secondary structure: it has got 3 
beta (β) turns. The β1 spans from Cys6 to Cys9, β2 from 
Asn11 to Cys14, and β3 from Cys14 to Cys17. In addition, 

the crystal structure contains five intramolecular (i.e. 
within the protein) hydrogen bonds that also add to the 
stability of the conformation. The 1ETN structure is rea-
sonably rigid (because of three disulphide bridges, and 
five intramolecular hydrogen bonds), making it an ideal 
candidate for studies by computer simulations using empi-
rical intermolecular potentials. 
 Overall, this molecule has a hydrophobic character, as 
the side chains of all residues are oriented to the outside 
of the molecule. Specifically the side chains of Asn11, 
Pro12, and Ala13 form a prominent, isolated cluster that 
projects from the surface to the outside of the molecule. 
As can be observed from Figure 1, where we display its 
structure obtained from X-ray crystallography, the inte-
rior of the protein is densely packed. Another interesting 
aspect of this protein is the presence of 13 water mole-
cules in the crystal structure, which is rather large, con-
sidering the small size of the macromolecule. So, water is 
very important in stabilizing the beta turns. It is also 
known that specific residues in the first and the third beta 
turns can be replaced without losing the toxicity of the 
protein30. This implies that the second beta turn is most 
important for toxicity. Replacement of Ala13 in the  
second turn decreases toxicity. It is also known that the 
residues near the second turn have hydrophobic side 
chains. 

 
Figure 1. All-atom, ball and stick representation of the crystal struc-
ture of enterotoxin, 1ETN, along with the 13 ‘bound’ water molecules 
that were observed with the crystal30. 
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 In this first atomistic MD simulations on aqueous solu-
tion of 1ETN, we address the following specific issues: 
(1) How different is the structure of the protein in solu-
tion, obtained through our simulations from the reported 
crystal structure? (2) How different are the motions of 
water near the three segments of the protein? This ques-
tion assumes additional importance in view of the sup-
posed role of water molecules near Asn11 residue in 
promoting binding to the enzyme31. 
 Our MD study of this solution reveals that water dyna-
mics slows down considerably near the surface of the 
protein. Over and above this general slowdown, we observe 
a subtle difference in the reorientational dynamics of  
water molecules present near different segments of the 
protein. The total moment–moment time correlation func-
tion (measured in dielectric relaxation experiments)  
decays with a long time component of 27 ps. 
 

Simulation details 

Atomistic molecular dynamics simulations of one mole-
cule of 1ETN soaked in water were performed under con-
stant volume and temperature conditions (NVT). The 
crystalline coordinates of the protein along with the 
‘bound’ waters found in the crystal structure were taken 
as the initial configuration for the MD simulations. As 
mentioned earlier, Cys5 is the N-terminus carrying a 
+ 1.0e charge, and is capped with two hydrogen atoms, in 
our model. Cys17 is the C-terminus with a – 1.0e charge, 
and is capped with an oxygen atom. In all, the capped 
protein contained 152 atoms. The three disulphide bonds 
were built into the model using rigid constraints. This 
configuration was then inserted into a well-equilibrated 
large box of water molecules, by carefully removing those 
water molecules which were within 2 Å from any atom of 
the protein molecule. The final system contained 2962 
water molecules. Molecular dynamics calculations were 
performed using the PINY-MD computational program32. 
Temperature control was achieved using the Nosé-Hoover 
chains method, with a target temperature of 300 K. The 
simulations were carried out in a cubic box of edge length, 
44.55 Å. The calculated average pressure of the system 
was about 22 atm, hence the system can be considered to 
be under ambient conditions. The reversible reference 
system propogator algorithm (RESPA) with an outer time 
step of 4 fs, was used to integrate the equations of motion. 
Initial MD runs were carried out with smaller timesteps 
to iron out further hard contacts between water molecules 
and the atoms of the protein. The CHARMM22 all-atom 
force fields33 and potential parameters for proteins were 
employed to treat the interaction between atoms of the 
protein, while the TIP3P interaction model34, which is 
consistent with the CHARMM22 force fields, was used 
to describe the water molecules. Coulombic interactions 
were treated using the particle mesh Ewald method and 

12,202 reciprocal space vectors were used in the lattice 
sum. The protein solution was equilibrated for about 
2.5 ns, and the MD trajectory was extended further for 
analyses. In atomistic simulations of complex systems 
that exhibit varied time scales in their dynamics, it is diffi-
cult to store the configurations for analyses at high fre-
quencies (say, every time step), as it requires vast amounts 
of storage. Hence, we have carried out MD runs (for ana-
lyses) of differing run lengths, which differ in the frequ-
ency with which configurations were stored. For instance, 
to obtain structural data, we used long runs (700 ps) with 
a time resolution of 1 ps, while for calculations of the ultra-
fast component of the time correlation function (TCF) of 
water dipoles, we used relatively shorter trajectories of 
about 50 ps duration with a time resolution of 16 fs. The 
data presented in figure 5 was averaged over 11 such 
blocks, each of duration 50 ps. Successive blocks were 
separated by an interval of 25 ps to guarantee indepen-
dent sampling. Thus the total length of the trajectory that 
was used for analyses is around 1.5 ns. We were thus 
able to meet the requirements, both of high accuracy and 
of reliability of these TCFs in the short timescales, as 
well as being able to probe the slow (long timescales) 
dynamics present in this complex system. 
 

Results and discussion 

Protein structure and local dynamics 

In Figure 2, we show the secondary structure of the simu-
lated protein in solution and compare it against that  
obtained from the crystalline sample. It should be noted 
that, unlike the structure in the crystalline state, the pro- 
tein in solution is fluxional – this implies that at least a 
few configurations from the MD trajectory must be sam-
pled and compared against the structure in the crystal. 
For this comparison, rigid body translations and rotations 
have been performed on the simulated structures to mini-
mize the deviation from the crystal structure. In Figure 2, 
we show four such configurations. We find that the  
secondary structure of the simulated sample is essentially 
identical to the crystal structure, except for a marginal 
difference in the β3 segment of the protein. This is not 
unexpected, as the simulated protein is in solution, while 
the experimental structure corresponds to the crystal. 
Closer examinations indicate that the β1 and β3 segments 
are marginally closer to each other for the protein in solu-
tion than for the crystal. 
 As mentioned earlier, five intramolecular hydrogen 
bonds were observed in the experimental crystal struc-
ture. Only two of these five hydrogen bonds were found 
to be preserved during the entire MD trajectory, while the 
other three pair distances were found to be larger than the 
donor–acceptor bond lengths reported for the crystal. 
Thus, the solution structure is predicted to be different in 
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details from the crystal structure. The first of the two 
remaining H-bonds, the one between Cys14 and Asn11 
was found to have a distance of 3.16 Å ± 0.01 in the solu-
tion (simulation), compared with 3.13 Å in the crystal 
(experiment). The second intramolecular hydrogen bond, 
between Ala13 and Asn11 was found to have a distance of 
3.16 Å ± 0.02 in simulation compared with 2.89 Å in 
experiment. 
 It would be interesting to study the time dependence of 
the lengths of these two intramolecular hydrogen bonds. 
This will enable us to learn about the timescales involved 
in the correlated motion of the hydrogen bond. We have 
calculated the time autocorrelation function of the fluc-
tuation in these bond lengths, Cihb (t) as, 
 

Cihb(t) = 〈b(0)b(t)〉/〈b〉, (1) 

where b(t) is the bond length at a time t, and the angular 
brackets denote averaging over time origins, {0}. This 
function plotted in Figure 3, for the two intramolecular 
hydrogen bonds, exhibits interesting dynamics. The TCF 
for the hydrogen bond between Cys14 and Asn11 spanning 
the second β turn shows characteristic oscillations, with a 
period of about 250 fs signifying the breathing mode of 
the bond. However, we did not observe existence of such 
distinct breathing mode for the hydrogen bond between 
Ala13 and Asn11. Another significant feature of the dyna-
mics of these intramolecular bonds is the presence of a 
relatively slow time component in their decay. Although 
a large fraction of the TCF decays within about 500 fs, it 
is not until 3 ps that the correlation functions actually 
reach the zero value. These dynamical signatures could 
be expected to show up in the low frequency regime (less 
than 100 cm–1) in spectroscopic experiments. A similar 
dynamic study of the distance between the pairs that were 
H-bonded in the crystal but are more separated in solu-
tion should be interesting. 

Structure of water at the interface 

As mentioned earlier, biochemical studies have shown 
the second β turn of enterotoxin to be proximal to the 
receptor. It is thus of interest to see if there are any signi-
ficant differences between the structure of the water mole-
cules around the three segments of the protein. We have 
calculated the simplest of a structural correlator – the pair 
correlation function between the interfacial water mole-
cules and the protein. We display in Figure 4, the pair 
correlation function of water molecules with respect to 
the Cα atom of the residues that form part of each of the 
three β turns. This provides us with an idea of the arrange-
ment of water molecules in different sections around the 
protein, and the results are indeed interesting. The pair cor-
relation function, for water molecules near the β1 and β3 

 
 
Figure 2. Secondary structure of representative configurations of the 
protein in solution obtained during the molecular dynamics trajectory, 
compared with the structure in the crystal. Blue: Configuration in the 
crystal; Magenta: Instantaneous configurations at different times of the 
MD trajectory, separated from the initial, crystalline configuration by 
a, 600 ps (1.96 Å); b, 1100 ps (2.43 Å); c, 2200 ps (2.02 Å); d, 2500 ps 
(2.51 Å). The root mean squared deviation between the coordinates of 
the crystalline and the MD configurations are shown in parentheses. 

 

 
Figure 3. Auto-time correlation functions, Cihb(t) of the donor–
acceptor distance of two intramolecular hydrogen bonds of the protein. 
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segments exhibits a double-peaked feature, with one peak 
at around 4.0 Å, and another at around 4.75 Å. On the 
contrary, for water molecules near the β2 segment, the 
first hump at 4.0 Å is absent, while the peak at around 
4.75 Å is observed. 
 It thus appears that the feature at 4.75 Å could be a 
general characteristic of water at the interface, while the 
feature at 4.0 Å might arise from specific interactions 
with residues in the first and the third β turn. These could 
probably be formation of hydrogen bonds between resi-
dues in these segments and water molecules favourably 
oriented towards them. We have examined water mole-
cules that form pair distances with Cα atoms between 
3.6 Å and 4.1 Å, for Cα atoms in each of these three 
turns, and have found that in majority of cases, such  
water molecules form hydrogen bonds with the adjacent 
residues. The absence of a clear peak in the g(r) corres-
ponding to residues in the second β turn thus suggests a 
decrease in the number of water–protein hydrogen bonds 
in this segment, relative to that in β1 and β3 regions. This 
feature is likely to influence the dynamics of interfacial 
water molecules, as we note in the next section. We also 
note that the reduction in the intensity of the g(r) function 
implies a reduced first coordination number of water 
molecules for residues in the second β turn, as opposed to 
the other two turns. 

Reorientational dynamics of water in  
hydration layer 

Orientational response of water at the surface of proteins 
has been investigated both by dielectric relaxation and 
also by solvation dynamics experiments4. Of these two 

techniques, it is the second one which partly probes single 
molecule orientation dynamics. Our earlier theoretical 
studies on the aqueous micellar solution have shown that 
single molecule orientational dynamics is a sensitive probe 
of surface forces12. We exploit this sensitivity to investi-
gate the correlation between biological activity and water 
dynamics. We perform this in the following way. First, 
we tag all the water molecules within 5 Å of any atom of 
the side chains of the residues. We average the orienta-
tional correlation function over these water molecules 
only. The orientational correlation function is defined as 

Cµ(t) = ,)()0( 〉⋅〈 tii µµ
rr

 (2) 

where )(tiµ
r

is the dipole vector of the water molecule i, 
and the angular brackets denote averaging over initial 
times as well as over water molecules that are present in 
the defined hydration layer. Second, we discriminate bet-
ween these surface water molecules according to their 
proximity to different regions of the protein. This is based 
on the work of Shimonishi and coworkers who observed 
that the residues in the second β turn are proximal to the 
receptor in the binding of enterotoxin31. This ties in with 
the observation that the toxicity of the protein too is un-
affected by changing specific residues in the first and the 
third β turns, while the activity was considerably affected 
when similar mutations were effected in the residues of 
the second β turn. In order to relate to these biochemical 
studies, we have classified the hydration layer of 1ETN 
into three regions, based on their proximity to each of the 
three β turns. 
 To summarize, we have calculated three distinct orien-
tational correlation functions corresponding to the physi-
cal location of the water molecules relative to the protein. 
We now discuss the results. In Figure 5, we present Cµ(t) 

 
Figure 4. Pair correlation function, g(r), of water molecules with 
respect to Cα atom of the protein. The three curves correspond to the 
probability of finding a water molecule at a distance r, from any resi-
due that is present in the first (β1), second (β2), and the third (β3), β-
turn respectively. 

 

 
Figure 5. Reorientational time correlation function of the water 
dipole, Cµ(t) for water molecules in the three segments of the protein. 
The vertical bars are error on the mean value of the TCF at specified 
times, and are displayed infrequently for clarity. 

 



RESEARCH ARTICLES 

CURRENT SCIENCE, VOL. 85, NO. 11, 10 DECEMBER 2003 1576 

for the water molecules near the three segments of the 
protein. Water molecules near the β2 segment exhibit a 
considerably faster ability to reorient than those mole-
cules near the first and the third segments of the protein. 
The active site of various proteins are, in general, hydro-
phobic in nature35,36. Our data shows that water mole-
cules in the vicinity of the active site (the second segment 
of the enterotoxin molecule) exhibit faster dynamics in 
their ability to reorient their dipoles. 
 In order to quantify our observations, we have fitted 
the TCFs to a sum of three exponential functions. The 
parameters for best fit are shown in Table 1. The water 
molecules near the first and the third segment of the pro-
tein, exhibit significant slow dynamics with a long time 
component that unfortunately could not be quantified 
from our limited data. It is expected to be in the range of 
a few hundred picoseconds. This contribution could arise 
from water molecules that are hydrogen bonded to speci-
fic residues in these segments. Thus, the average time con-
stant for reorientation of water dipoles in these segments 
is expected to be several times longer than the time con-
stant found for water molecules near the second segment. 
A similar long time component with a time constant of 
around 14 ps is present for water molecules near the  
second segment of the protein. It should also be noted 
that the average time constant for dipolar reorientation of 
water molecules in any of these segments is much higher 
than that for an individual water molecule in bulk. The 
time constant for the latter is only 2.0 ps. Thus, although 
the reorientational dynamics of water is slowed down at 
the protein–water interface compared with pure water, 
noticeable differences in the dynamics arise, probably 
due to the interactions of specific, proximal residues, and 
to the local geometry of the protein.  

Collective moment time correlation function 

Dielectric relaxation (DR) measures the collective polar 
response of a dipolar liquid. This is related to the total 

dipole moment time correlation function of the system, 
which, at a given time t, ),(tM

r
 is defined as, 

,)()(
1

∑
=

=
N

i
i ttM µ

rr
 (3) 

where N is the total number of molecules and iµ
r

is the 
total dipole moment of the ith molecule. The complex 
dielectric function ε (ω) is given by the fluctuation–
dissipation theorem37,38 
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where ε (∞) and ε (0) are the limiting low-frequency and 
high-frequency permittivities respectively. φ(t) is the 
normalized time auto correlation function of the system’s 
total dipole, ,M

r
 and is defined as 
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 All the water molecules in the protein system have 
been considered to calculate the moment–moment time 

Table 1. Parameters of multi-exponential fit to the dipole reorienta-
tional time correlation functions of water molecules near different 

segments of the protein, compared with that for water in bulk. 〈τµ〉 is 
the average time constant. The time constant of the long time component 
for the β1 and β3 segments could not be ascertained due to limited data 

    
    
Segment Time constant (ps) Amplitude (%) 〈τµ〉 (ps) 
        
β1, β3 0.32 

4.18 
Large 

22.4 
61.4 
16.2 

 

– 

β2 0.06 
1.97 

11.44 

11.6 
48.2 
40.2 

 

5.6 

Bulk TIP3P water 0.27 
2.43 

20.2 
79.8 

2.0 

    
    
 

Table 2. Parameters of multi-exponential fit to the moment–moment 
time correlation function of water molecules )),(( tW

MΦ  in the protein  
solution. The average time constant, ,W

Mτ  for water molecules  
in the simulated protein solution and for bulk TIP3P  

water are shown for comparison 
   
   
 Time constant (ps) Amplitude (%) 
   
   
  4.8 81.8 
 27.3 18.2 

〉〈 W
Mτ  (ps) 8.9 (Protein) 7. 3 (Bulk) (ref. 39) 

   
   
 

 
Figure 6. Time dependence of the normalized total moment–moment 
time correlation function for the water molecules ,))(( tW

MΦ in the pro-
tein solution. Circles are simulation data and the continuous line is the 
multiexponential fit. 
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corre - 
moment ),)(( tW

MΦ the contribution of 
water molecules alone to the total dielectric relaxation of 
the protein solution. Such an analysis helps us to identify 
components of the total relaxation that arise from interfa-
cial and bulk states of water. 
 This TCF has been fitted into two exponentials, of the 
form 

,)/exp(C)/exp(C)( 2211 ττ tttW
M −+−=Φ  (6) 

to get the time constants and amplitudes which are shown 
in Table 2. Note the appearance of a slow component of 
27 ps in the total moment time correlation function. In 
the case of bulk (that is, neat) water, the decay is single 
exponential with a time constant of 7.3 ps. Our result of 
the appearance of a slow component is in agreement with 
experimental results. However, an understanding the ori-
gin of this slow component requires further study. 

Conclusions 

We have presented here the study of a biologically rele-
vant small protein, enterotoxin, in solution using atomistic 
molecular dynamics simulations. The calculations reveal 
that although the overall structure of the protein in solu-
tion is similar to that in its crystalline state, there are also 
significant differences – only two of the five hydrogen 
bonds survive in solution. In order to characterize the 
intramolecular vibrational degrees of freedom, we have 
probed the time correlation function of two intramolecu-
lar hydrogen bonds in the system. These show a low fre-
quency dynamics with a time constant of around 250 fs, 
that can be probed through spectroscopy. 
 The significant role of water in mediating protein–
receptor interactions has been well documented in the 
past. We observe a reduced structuring of water mole-
cules near the second β turn of enterotoxin, as opposed to 
that near the first and the third β turns. Although the  
reorientational dynamics of water molecules in the hydra-
tion layer of the protein is slower than in pure water, the 
specifics of the dynamics is nuanced; we find signifi-
cantly, the reorientation of water dipole to be faster for 
molecules near the second β segment than for those near 
the first and the third segments of the protein. It is worth 
noting that the earlier biochemical study of Shimonishi  
et al.31, implicated the second segment of enterotoxin to 
be the active region. The exact relationship of this work 
to our current results needs to be probed further. Within 
these simulations, it should also be possible to pinpoint 
the exact origin of the differential dynamics of water 
molecules across the three segments, and assign them to 
specific, water–residue interactions and probably to the 
dynamics of water–protein hydrogen bond41. Although we 
have shown this difference to arise from difference in 
pair correlation functions, this too needs to be studied 
further.  

 The collective dynamics of water that influences its 
ability to solvate other molecules, exhibits slow dynamics 
with a characteristic slow component of 27 ps. This is 
likely to come from water molecules in the hydration 
layer that are strongly bound to the biomolecule. 
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