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Structural evidence for solvent-stabilisation by aspartic acid as a
mechanism for halophilic protein stability in high salt concentrations

Samuel Lenton,®® Danielle L. Walsh,>® Natasha H. Rhys, ® Alan K. Soper ¢ and Lorna Dougan*®®

Halophilic organisms have adapted to survive in high salt environments, where mesophilic organisms would perish. One of the biggest
challenges faced by halophilic proteins is the ability to maintain both structure and function under molar concentrations of salt. A distinct
adaptation of halophilic proteins, compared to mesophilic homologues, is the abundance of aspartic acid on the protein surface.
Mutagenesis and crystallographic studies of halophilic proteins suggest an important role for solvent interactions with the surface aspartic
acid residues. This interaction, between the regions of acidic protein surface and solvent, is thought to maintain a hydration layer around
the protein under molar salt concentrations thereby allowing halophilic proteins to retain their functional state. Here we present neutron
diffraction data of monomeric zwitterionic form of aspartic acid solutions at physiological pH in 0.25 M and 2.5 M concentration of
potassium chloride, to mimic mesophilic and halophilic-like environmental conditions. We have used isotopic substitution in combination
with empirical potential structure refinement to extract atomic-scale information from the data. Our study provides structural insight that
support the hypothesis that carboxyl groups on acidic residues bind water more tightly under high salt conditions, in support of the
residue-ion interaction model of halophilic protein stabilisation. Furthermore our data show that in the presence of high salt the self
association between the zwitterionic form of aspartic acid molecules is reduced, suggesting a possible mechanism through which protein
aggregation is prevented.

Introduction

Extremophilic organisms have adapted to survive extreme environments including extremes of temperature,
pressure and salinity. These remarkable organisms do not merely survive but rather thrive under conditions which
were, until recently, thought of as inimical to lifel3. In the case of extreme salinity, halophilic organisms have
adapted to survive and replicate in environments containing molar concentrations of salt# >. Survival in such briny
environments is challenging mainly due to a reduction in the amount of biologically available water. This
availability, in the form of a water solvation layer around proteins, is critical for biological activity, which is in part
why mesophilic proteins are often unstable in high salt conditions®°. Despite this challenge and others associated
with high salt concentrations, all three domains of life have developed evolutionary strategies to survive under
extreme molar salt conditions®> 19, Halobacteria, such as Halobacterium Salinarium, are a distinct evolutionary
branch of the archaea found in water saturated or nearly saturated with salt!l. Survival of halobacteria under
molar salt conditions is in part facilitated by the presence of bacteriorhodopsin in the cell membranel2.
Bacteriorhodopsin regulates the intracellular ion concentration by pumping out sodium across a proton gradient
resulting in high intracellular concentrations of potassium ions13. The resulting accumulation of potassium ions in
the cytoplasm requires modifications of intracellular proteins so that they can retain their function 4. Several
characteristic modifications of proteins from halobacteria have been observed including a reduction of lysine
residues, a relatively low hydrophobic core, an increase in loops and the presence of a large amount of acidic
residues, including glutamic acid and aspartic acid, on the protein surface!>-18, The first of these two features are
thought to be well understood. In molar salt concentrations of salt proteins will have an increase in hydrophobic
interactions, leading to aggregation resulting from interactions of hydrophobic patches on a protein’s surface and
a decrease in the flexibility of the protein core. In order to prevent aggregation, it is important to reduce exposed
hydrophobic surfaces, which is achieved through a reduction in the number of lysine residues. Protein flexibility is
important for activity, and the reduction of large hydrophobic residues may play an important role.

The increased number of acidic residues on the surface of halophilic proteins has been interpreted in a number of
different ways and consequently the role of these acidic residues in halophilic protein stability and flexibility is less
clear. Studies have suggested they are important for binding of water molecules, specific binding of ions,
preventing aggregation through repulsive interactions and maintaining flexibility within a protein. Here we
highlight a number of recent studies. Tadeo et al showed that obligate halophiles can be created from mesophilic
proteins by mutation of only a few surface residues to aspartic acid®2°, This work demonstrated complete
preservation of the three-dimensional structure of the mutated protein and measure increase in thermodynamic
stability achieved for each addition of a surface aspartic acid residue. These studies that the preference for
shorter side-chain residues, such as aspartic acid, on the protein surface results in increased hydrophobic packing
and a decreased surface tension, thereby increasing stability2. However, earlier work by Razvi & Scholtz
suggested that the charge, rather than length, of exposed acidic amino acid residues is a greater determiner of
halophilic protein stability?!. Studies by Zaccai et al have shown that halophilic proteins bind significant numbers
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of salt molecules, suggesting that the acidic residues are important for binding a large network of hydrated salt
ions. This preferential recruitment of salt ions may then be better able to maintain a hydration layer under high
salt conditions 1% 22, However, while the binding of ions to the negatively charged surface has been observed in
crystallographic structures of halophilic proteins other studies have failed to show large numbers of ions 23-25, This
discrepancy could be due to the requirement of specific additives in the crystallogenesis process aimed at crystal
growth rather than representing in vivo conditions. Solvent molecules present on the surface may be an artefact
of the crystallisation process; therefore caution has to be taken when making an inference from this type of
data?4 26. 27, Nevertheless, there is ample evidence for binding of salt ions to some halophilic proteins, indicating
that these proteins harness the high ionic strength of their environment rather than being protected from it.
While the most prevalent adaptations observed for halophilic proteins is the abundance of acidic residues on the
surface of the protein, much interest remains in determining the functions of these acidic residues, including
binding of essential water molecules, specific binding of salt and prevention of aggregation.

To further determine the specific function of aspartic acid on the surface of halophilic proteins we have
used total neutron diffraction in combination with empirical potential structure refinement (EPSR). This technique
provides atomic-scale insight into the structure and interactions of amorphous solutions. Previous work using this
technique has proven its usefulness when it comes to determining atomic scale detail of the structure and
hydration of small biological molecules 28-35, as well as structural studies of aqueous salt solutions 3640, |n this
work we take a bottom-up approach to understanding the interactions of this residue by exploring the structural
properties of L-aspartic acid, which we use as a model system to understand the role of aspartic acid in more
complex proteins. Here L-aspartic acid has been studied in the zwitterionic form at physiological pH (henceforth
referenced as ASP), in solutions of potassium chloride (KClI). The concentrations of KCl used correspond to those
at which ferredoxin from the halophile, Halobacterium Salinarium, is native (2.5 M) and partially unfolded (0.25
M), Given the proposed importance of ASP in maintaining halophilic protein stability we focus in this paper on
two different aspects; (i) the position and orientation of the water and salt ions with respect to the acidic side
chain of aspartic acid. (ii) The interaction between water, salt and the carboxylate group of ASP.

Method

Neutron diffraction experiments

Neutron diffraction experiments were completed on the SANDALS diffractometer at ISIS, which probes a Q-range
0.1-50 A-l. Neutron diffraction experiments were combined with isotopic substitution to allow labelling of
individual atomic sites in a molecule and the extraction of multiple radial distribution functions (g(r)). Protiated L-
aspartic acid was purchased from Sigma Aldrich (= 99% purity) and a partially deuterated version from CDN
isotopes (L-aspartic acid-2,3,3-d3, 98% purity), with alkyl hydrogen atoms substituted for deuterium. All solutions
of aspartic acid were studied at a concentration of 0.1 M in solutions containing potassium chloride (Sigma
Aldrich) at concentrations of 0.25 M and 2.5 M that are comparable with mesophilic and halophilic salt conditions.
Potassium hydroxide was added set the pH at 7. The four L-aspartic acid isotopic substitution experiments
completed at both high and low salt concentrations are listed in Table 1.

Upon preparation, the samples were loaded into flat-plate cans made of titanium-zirconium (TiZr) alloy, with a
sample thickness of 1 mm. The collected data were normalised to a vanadium standard and corrections were
made to the data for beam attenuation and multiple scattering using Gudrun4?, yielding the total interference
differential scattering cross section, F(Q). The resulting F(Q) is the sum of partial structure factors S.s(Q) and can
be written in terms of the atomic fraction, ¢, and corresponding scattering lengths, b, of atoms in the system :

F(Q) = Zaﬁ CaCBbabB(SaB(Q) - 1)) (1)

where Q is the change in momentum vector by the scattered neutrons, @ = 4m sin(6)/A, and S,z represent the
partial structure factor and is the Fourier-transform of the site-site radial distribution function (RDFs), gqp (7).
Integration of g,p(r) yields the coordination numbers of atom type a around atoms, type B, at distances rl and
r2. Sqp(Q) is defined as:

Sap(@ =1+ % Iy 79ap(r) sin(Qr) dr )

where pg is the atomic number density. Atomic isotopes can have different neutron scattering lengths (b,), for
example the neutron scattering length of hydrogen is -3.47 fm, where as that of deuterium is equal to 6.67 fm.
Therefore It is possible to modify the contributions of S,;(Q) towards the measured F(Q) by modification of the
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isotopic constituents of the scattering molecule(s). Assuming that the isotopic substitution does not alter the
structure of the studied molecule, then each isotopically labelled sample yields different structural information
about the solute. N isotopically different samples yields N different F(Q) data sets from which S,;(Q)’s and
consequently gaﬁ(r) can be obtained. In reality the studied system is complex and it is difficult to extract
information from F(Q) alone. Therefore a computational method is required to determine all of the measured
functions present in the solution.

Table 1 ASP water samples for which the structure factor was measured under high and low (2.5 M and 0.25 M respectively) KCl conditions, on the SANDALS
instrument.

Sample name Contents
ASP H20 Protiated L-aspartic acid in20
ASP D20 Protiated L-aspartic acid in2D
D-ASP H20 Deuterated L-aspartic acid i@
D-ASP D20 Deuterated L-aspartic acid inO

EPSR data analysis

To extract atomic-scale information structural modelling is used with a set of constraints refined against a set of
experimentally determined F(Q), allowing the extraction of atomistic structural information about the system.
Here a simulation-assisted procedure is used that has specifically been developed to convert the measured
interference differential cross section to real-space, thereby yielding radial distribution functions of all atoms in
the solution. This method, known as EPSR, is a variant of the reverse Monte Carlo method that attempts to
produce a structural model which provides the best overall agreement with the experimentally determined
diffraction data43, 44. Although EPSR does not necessarily provide the only possible interpretation it does yield a
model that is consistent with the experimental data. A box of molecules was constructed at the same
concentration, temperature and atomic number density as the experimentally measured samples (see S| Tables
1,2 3 and 4).

Naming of atoms in this paper

For clarity in this paper, we refer to the different atomic components of ASP with labels, as shown in Fig. 1. We
also refer to the two atomic components of water, hydrogen Hw and oxygen Ow. Furthermore potassium and
chloride are labelled individually with their atomic symbol, K and Cl respectively.
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Figure 1 Representation of the ASP and water molecules used for this study where the labels correspond to the naming throughout this study.

Results and discussion
Fits to the data

The measured diffraction data, F(Q), along with the EPSR fits are shown for the solutions measured in Fig. 2,
where data have been shifted along the axis vertically for clarity. The agreement between EPSR fits and the
experimentally measured diffraction data is good for each sample. There is some discrepancy at low Q < 2 A. This
discrepancy is due to the difficulty of removing the background and contributions from inelastic scattering in this
region, caused by the presence of hydrogen in the samples. The measured F(Q) contains contributions of all
partial structure factors in the solution, it is therefore not possible to observe each site-site interaction directly
from the experimental data. Using the EPSR method it is possible to extract information about each individual
site-site RDF from the model which is consistent with those data.

20 ASP H,0 i ASP H,0

151
ASP D,0 | ASP D,0

-ASP H,0

0.5

D-ASP D,0
0.0 D-ASP D,0

0.0

15 20 25 30 c
Q[A-1] } Q[A-1]
Figure 2 Measured neutron F(Q), (black circles) and fits to the data from EPSR (blue lines) of ASP acid solutions containing 2.5M KCl (left) and 0.25M KClI (right)

in either H,O or D,0 solvent. The label D-ASP indicates the use of deuterated ASP and the labels D,0 and H,0 indicate the composition of the buffer, either
deuterated or protiated. The data and fits have been shifted vertically by increments of 0.5 each for improved clarity.

0 5 10

Contributions of aspartic acid to the measurement

Due to the low solubility of ASP, control measurements were completed on solutions containing the same ionic
constituents but excluding aspartic acid. To determine how much scattering comes from ASP the F(Q) curves were
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subtracted. The residuals for this subtraction are shown in the supporting information (SI Fig.1-3). The subtraction
indicates that, as expected, at the concentrations used in this experiments, in which ASP is soluble, the amino acid
scattering contributes only a little to the total scattering. We therefore emphasise that the results presented in
this manuscript are driven by the computer simulation, with the experimental data acting as a constraint on the
extracted structures. This is consistent with previous structural studies of biological molecules in solution in which
the solubility is limited3> 45,

lon hydration is not affected by salt concentration

To investigate the hydration of the potassium and chloride ions in the solution, we present the RDFs for ion-water
interactions in Fig. 3 and S.I. Fig. 2. For each ion the water coordination numbers were calculated from the RDFs
(Table 2), according to equation 2, where r; is the position of the first peak minimum (4.2 A and 3.3 A for Cl-Oy
and K-O,, respectively). Comparison of the RDFs for each ion at high (2.50 M) and low (0.25 M) salt concentrations
shows that both the chloride and potassium hydration shells do not change significantly with increasing ion
concentration. Correspondingly only small changes are observed in the coordination numbers (Table 2). The
insensitivity of ion hydration to salt concentration observed here is consistent with previous measurements
completed on a wide range of potassium chloride concentrations3® 37.46, Similar to Mancinelli et al the position of
the RDF for CI-Oy and CI-H,, differs by 1 A and the sharpness of the peak observed in Cl-H,, corresponds to bonds
between the water oxygen and chloride ions3® 37, The ClI-H,, coordination number is smaller for all solutions
compared to the CI-Oy coordination number suggesting the presence of water molecules within the hydration
shell that do not form a hydrogen bridge directly with the chloride ion. In conclusion the ion hydration remains
the same despite an increase in salt concentration, and agrees well with previous experimental results?°.

Cl-Ow
2.
>
].
[
0 ; J T :
0.0 25 5.0 7.5
r[A
" [A]
K-Ow
34
S 2
1-
2 ) . .
0.0 25 5.0 75
r[A]

Figure 3 Site-site RDFs of the oxygen from water (O,,) around potassium (K) and chloride (Cl) ions at low (red dashed line) and high (black solid line) salt
conditions.

Table 2 Water-ion coordination numbers for the measured solution containing ASP, from the RDFs shown in Fig. 3.

ngh KCI Low KCI Rmax Rpeak

Cl-Hw 45%1.3 4.0+£1.2 2.8 2
Cl-Ow 8.0+1.2 8.3+ 1.5 4.2 3
K-Hw 16.0% 3.3 16.6+ 2.8 4.1 3.3

K-Ow 49+14 5.0+ 1.3 3.3 2.5
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Water structure is more perturbed in high KCl solution

To examine the impact of KCl on water structure in the presence of ASP, RDFs for water determined by EPSR were
examined. Fig. 4, shows the RDFs for the water-water interactions (Oy-Oy and Oy-Hy,) in the ASP solutions for high
and low concentrations of KCl. The position of the peak for the O,-O first coordination shell is not altered by
increasing salt concentration. The largest difference observed in the O,-O,, RDF is the position of the second
coordination shell peak, at around 4 A for low salt conditions, which is reduced upon increasing KCl.

This shift in the second coordination shell position corresponds to the disruption of the tetrahedral structure of
water and has previously been observed for high concentrations of salt including KCl as well as other solutes 36 37,
It is interesting to note that at the concentrations used here ASP does not seem to disrupt the tetrahedral
structure of water by itself. Non-disruptive behaviour of an amino acid in water has been observed in higher
concentration solutions of L-proline 32. Fig. 4. also shows the O,-H,, RDF, a slight decrease in the first Oy-Hy is
observed going from 1.80 to 1.70 A upon increasing KCl concentration. This corresponds to a strengthening of
water-water interactions upon raising the salt concentration. From these water-water RDFs it can be seen that
water is displaced by the solute molecules. The first shell coordination numbers of water were determined from
the RDFs and are listed in table 3. Regardless of peak intensity, no significant change in the water-water
coordination number of the first shell interactions are observed. In conclusion the results here suggest that the
tetrahedral structure of water is perturbed upon raising the salt concentration from 0.25M to 2.5M.

g(r)

0 T T T
0.0 2.5 5.0 T8

r{A]
Figure 4 Site-site RDFs of the oxygen from water (O,,) around the oxygen from water (O,) and the water hydrogen (H,), as determined by EPSR. Shown for
comparison for low (red dashed line) and high (black solid line) salt conditions. The blue dotted line in the 0,,-O,, RDF indicates the position of the second peak

in the low salt condition.

Table 3 Water-water coordination numbers determined from the RDFs shown in Fig. 4. For each coordination number the corresponding
maximum (Rmax) and the peak position (Rpeak) from which the coordination number was taken are shown.

High Low High Low High Low

Rmax Rmax Rpeak Rpeak
OwOw 41%x11 42=zx1 3.2 3.2 2.5 2.5
Ow-Hyw 16x08 1708 25 2.6 1.7 1.8

Hydration of the ASP amino group
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Studying a single amino acid leaves the amino group exposed to solvent water and the salt constituents. The relevant RDFs
for the amino group N1 and H2 with water are shown in Fig. 5. The first shell interactions between water and the amino
group correspond well with those previously reported (Rhys et al). Increasing salt concentration does not change the
distance of the interaction, however there is a marked decrease in the presence of water upon increasing salt.
Correspondingly an increase in the presence of chloride ions is observed (Fig. 5), indicating that the higher concentration of
ions displaces water around the amino group. This would be expected as the concentration of ions increases in the bulk
water.

2- 7-
aN1-Ow
6 aN1-Cl
k=) 14
0 . : .
0.0 ] . i 2.5 5.0 7.5
rA] rfA]
2- 61
aN1-Hw aH2-Cl
54 aH2-Cl High
= =aH2-Cl Low
> 14
0
0.0

Al ' ' A

Figure 5 Site-site RDFs of water atoms (Ow and Hw) around the nitrogen of the ASP amino group (aN1) and chloride ions around the ASP nitrogen group
(aN1 and aH2), as determined by EPSR. Shown for low (red dashed line) and high (black solid line) salt conditions.

Hydration of the carboxylate sidechain of ASP

ASP is capable of forming hydrogen bonds through its charged carboxylate sidechains. In this study it was found
that the bO1 and O1 carboxyl groups have the same interactions with the solvent. In vivo only the O1 group is
exposed to the solvent hence we focus on the O1 carboxyl group. In order to study the effects of salt
concentration on this ability we first look at the interaction between the sidechain oxygens and the oxygen from
water (0;-Ow). Fig. 6, shows the 0;-Oy RDF for high and low salt solutions containing ASP. The first O;-Oy, peak in
low salt solution is around 2.6 A, which shifts in position to 2.5 A upon raising the KCI concentration (see inset Fig.
5.), indicating that under higher KCl concentrations this interaction is strengthened. Investigation of the O;-Hy,
peak also shows a change upon increasing salt concentration, most obviously the intensity of the peak increases
with salt. Furthermore the distance of this peak is reduced from 1.6 A to about 1.5 A. Previously the distance
between a charged carboxylate group and the water hydrogen was determined to be around 1.68 A for the
glutamic acid residue of glutathione33. These results suggest the presence of stronger interactions between the
water molecules and the acidic ASP. This interaction also becomes more prevalent upon increasing salt
concentration, indicated by the peak intensity observed at high KCl concentrations. The carboxylate coordination
numbers with water were determined from the areas under each peak and shown in table 4. In agreement with
the change in areas under each RDF a slight increase in the coordination of water by the carboxylate group is
observed. The hydration is decreased slightly when compared to the data previously published on the carboxylate
group of glutamine35, however, in that experiment there was no salt present which is known to affect the
hydration of amino acids. Comparison of the determined coordination numbers of the carboxylate oxygens with
those of water show that the oxygens of water are better able to coordinate other water molecules. This may be
due to a combination of geometric constraints present on the ASP carboxyl group which are not present for the
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water oxygen and steric hindrance of water by the ASP carboxyl group. We note that for ASP the pKa ranges from
4 to 4.9 going from 0 to 5 M salt, and that this may affect the strength of the hydrogen bond between water and
ASP. In comparison for glutamic acid, the pKa ranges from 4.4 to 5.3 going from 0 to 5 M salt. Therefore under
neutral pH, ASP is the more charged acidic residue, at equivalent salt concentrations. This fact in itself may explain
the evolutionary preference for aspartic acid over glutamic acid, on the surface of halophilic proteins.
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Figure 6 Site-site RDFs of the sidechain carboxyl oxygen from aspartic acid (O1) around the oxygen from water (O,,) and the water hydrogen (H,), as
determined by EPSR. Shown for low (red dashed line) and high (black solid line) salt conditions

Table 4 Coordination numbers of interactions between the carboxylate group on aspartic acid and water, corresponding to the RDFs shown in figure 5. Riax
and R are the peak position at which the coordination number was taken and the peak maxima respectively. Ryax high and Rmax low correspond to the peak
position of the high (2.5 M) and low (0.25 M) KCl containing samples.

H Igh Low Rmax Rmax Rpeak
High Low
01-Ow 33%x1 2.1£0.9 3.1 3.2 2.5
(low)
2.6
(high)

Ol-Hw 2.1+1 1.1%0.9 2.9 2.5 1.5

Interaction between the carboxylate group and potassium

The RDF determined for the side-chain carboxylate oxygen (O1) and potassium (K) is shown in Fig. 6. The first
coordination shell peak position remains the same for both concentrations of KCl. However upon raising the
concentration of salt the intensity decreases slightly. The corresponding coordination numbers calculated from
the RDFs shown in Fig. 6, are listed in Table 5. Contrary to the amide group, despite the 10 fold increase of KCl in
the solution there is no significant increase in the coordination of KCl around the carboxylate groups of aspartic
acid. Instead an increase in water hydration is observed around the carboxyl group (Fig. 6).
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Figure 7 Site-site RDFs of potassium ions (K) around the carboxyl oxygen of aspartic acid (O1), as determined by EPSR. Shown for low (red dashed line) and
high (black solid line) salt conditions.

Table 5 Coordination numbers of interactions between the oxygen on the aspartic acid carboxylate group and the potassium ion, determined from the RDFs
shown in Fig. 6.

High KCI Low KCI Rmax Rpeak
01-K 0406 0.3£0.5 35 2.5

Interactions between ASP residues

At the low concentration of ASP measured here, ASP-ASP interactions are not common. This can be observed in
the noise of the interactions between ASP residues as seen in the RDFs (Fig. 7). Despite this it is still possible to
extract some information on the interaction between aspartic acid molecules in solution from this data. The RDFs
in Fig. 7 show the interactions between the carboxylate oxygen on ASP with hydrogens H1 and H2 (see Fig. 1) on
neighbouring aspartic acids. At low salt concentration, the nearest possible interaction, or Rmin, between two ASP
residues is at a position of around 4 A for both RDFs shown in Fig. 7. At high concentrations of KCl this value rises
to just under 9 A, suggesting a significant increase in the difference between neighbouring aspartic acid
molecules. The difference in distance measured is around 5-6 A for both RDFs in Fig. 7, which corresponds to the
hydration radius of a single potassium ion. This distance would correspond to the formation of an ion bridge,
preventing hydrogen bonding between neighbouring ASP residues. Therefore, the increased separation of ASP
molecules at a high salt concentration may be the result of the enhanced hydration of the molecules. The
hydration layer contains not only water but also ionic components, which could further inhibit the hydrogen
bonding ability between two ASP residues and consequently increase the minimal distance between two ASP
molecules.
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Figure 8 ASP-ASP interactions via hydrogen bonds between the carboxyl oxygen (0O1) and Hydrogens on adjacent ASP residues (H1 and H2). Shown for low
(red dashed line) and high (black solid line) salt conditions.

Stabilisation of halophilic proteins by ASP

Previously Tadeo et al showed that mutagenesis of only a few residues to ASP residues on the surface of a protein
can lead to the formation of obligate halophiles20. More recently Ortega et al showed that the formation of the
obligate halophile is caused by the destabilisation of the unfolded state caused by ASP and glutamic acid
sidechains present in proteins isolated from halophile*’. These sidechains destabilise the denatured state
ensemble, mainly through cation exclusion from the protein hydration layer. The results presented here, similarly,
show no increase in potassium ions around ASP upon increasing salt concentrations. Instead upon increasing KCl
an increase in hydration is observed. The molecular level insight presented here is therefore in agreement with
the model proposed by Ortega et al*’, where in the unfolded state cations are excluded from the hydration shell
by the action of ASP, and other, charged residues and instead are replaced by hydration water.

Conclusion

We have used a combination of neutron diffraction experiments with isotope substitution and analysis by
empirical potential structure refinement to study the hydration and interactions of ASP in salt solutions. Using this
approach we were able to extract atomic-scale information from the neutron diffraction data. We have found
that hydration around the carboxylate group is enhanced with increasing salt concentration. We also observed a
shortening of the hydrogen bond between the carboxylate oxygen and hydrogen of water upon increasing salt
concentration. This tight binding of hydration water has previously been observed in crystal structures of
halophilic proteins?3-25, However it is not certain whether this was a true feature or an artefact of crystallisation.
The solvation-stabilisation theory#* states this tight binding as the possible mechanism of the stability of halophilic
proteins, even under molar salt concentrations. The hydrogen bond distance between the carboxylate group and
water is shorter in ASP than it is in glutamic acid33. This tighter binding of water may be due to the salt dependent
pKa, under the same salt concentrations, with that of ASP being higher than that of glutamic acid. The increased
affinity of water with ASP is in agreement with the theory of unfolded state destabilisation caused by the
preferential exclusion of ions from the protein surface recently developed by Ortega et al 47. Furthermore we also
observed an increase in the distance between adjacent ASP residues upon increasing potassium chloride
concentration. We hypothesise that this increase in distance is caused by the presence of hydrated potassium
ions between different residues, indicating the presence of potassium ions in the bulk water.
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