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ABSTRACT: In this manuscript, we present a general computational method for characterizing
the molecular structure of liquid water interfaces as sampled from atomistic simulations. With
this method, the interfacial structure is quantified based on the statistical analysis of the
orientational configurations of interfacial water molecules. The method can be applied to
generate position dependent maps of the hydration properties of heterogeneous surfaces. We
present an application to the characterization of surface hydrophobicity, which we use to analyze
simulations of a hydrated protein. We demonstrate that this approach is capable of revealing

microscopic details of the collective dynamics of a protein hydration shell.



In the vicinity of a hydrated surface the properties of water can differ significantly from
that of the bulk liquid.! These differences are determined by the details of the interfacial
environment and they are thus sensitive to the specific chemical and topological features of the
hydrated surface.” The details of water’s interfacial molecular structure, therefore, contain
information about these surface features and how they affect their local aqueous environment.’
This information is valuable because it provides insight into the collective molecular effects that
control the solvation properties of complex solutes, but it is also difficult to access due to

limitations in our ability to measure and characterize water’s interfacial molecular structure.

Our current understanding of the interfacial molecular structure of liquid water is derived
primarily from the results of interface sensitive experimental techniques such as vibrational sum

frequency generation spectroscopy,”® THz absorption spectroscopy,”'’

dynamic nuclear
polarization," NMR,">" and x-ray and neutron scattering.'*'® Unfortunately, these experiments
are typically more difficult to interpret than their bulk phase counterparts due to the constraints
associated with achieving interface selectivity. This has driven an increased demand for
theoretical developments that can facilitate the analysis and interpretation of these interface-

sensitive experiments. Resulting efforts have relied heavily on the use of atomistic simulation to

provide the molecular details of water’s interfacial structure.

Classical molecular dynamics (MD) simulations are a particularly efficient theoretical
framework for modeling the microscopic properties of aqueous interfacial systems. These
simulations provide a molecular-level basis for understanding the microscopic structure of liquid
water and how it responds to the anisotropic environment of the liquid phase boundary. This
response is mediated by the properties of water’s hydrogen bonding network and therefore

involves the correlated arrangements of many individual water molecules. Characterizing this



high-dimensional molecular structure in simple and intuitive terms can be a significant
challenge, especially for solutes such as proteins that exhibit irregular or heterogeneous surface

properties.

Here we address this challenge by characterizing water’s interfacial molecular structure
in terms of a low dimensional parameter that quantifies its similarity to the structure of various
interfacial reference systems. We introduce a theoretical framework for quantifying this
similarity based on the statistical analysis of molecular orientations at the interface. In this
analysis reference systems serve to designate the unique orientational signatures of water
interfaces at surfaces with specific well-defined chemical or topographical properties. The
properties of these reference surfaces can be systematically chosen in order to analyze specific
interfacial features that may be relevant to a particular system of study. This framework provides
a physically insightful measure of interfacial structure that eliminates the need to formulate high-
dimensional collective variables. Furthermore, by applying this framework across a variety of
different reference systems, it can be adapted to report simultaneously on multiple specific

interfacial properties.

The general formalism for our framework begins with the definition of the reference
system(s) that will serve as a basis for interfacial characterization. Prior to applying this
framework each reference system must be thoroughly sampled in order to establish its unique
orientational molecular signature. We quantify this signature in terms of the molecular
orientational distribution function,

f
(K|re )l )

f(K|ref) = —In [P(KIISO)



where P (k|ref) denotes the equilibrium probability for observing a molecule with a specific
molecular configuration, i, within the given reference system, and P (k|iso) is the probability for
k when molecular orientations have an isotropic distribution. Defined in this way, f(¥|ref)
specifies the relative free energy, in units of kT, associated with the orientational anisotropy of
the interfacial reference system. We specify molecular configuration in terms of a three-
dimensional vector, k = (cos 6, ,cos 8, ,a), where 8, and 6, denote the angles made between
the local surface normal and each of a water molecule’s OH bond vectors, and a denotes the
distance of the water molecule from the instantaneous position of the water interface. We define
the instantaneous water interface following the procedure of Ref. 17. This system of molecular

coordinates is illustrated schematically in Fig. 1.
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Figure 1. A schematic illustration of the molecular coordinates that are used to specify the orientational state, K, of

molecules at the liquid water interface.

We characterize the interfacial molecular structure of a particular interfacial system by sampling
values of ¥ and comparing them to the distribution function, f (i |ref). Specifically, we compute

the quantity,
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where the summation is taken over a set of N molecular configurations sampled from the system
of interest. This quantity reflects the likelihood for the sampled set of configurations to occur
spontaneously within the environment of the reference system. This likelihood is relatively large
(corresponding to lower values of A,;) when interfacial molecular structure is similar to that of
the reference system and relatively small (corresponding to higher values of A.;) when
interfacial molecular structure differs from that of the reference system. In this way, 4., can be
used to distinguish hydrated surfaces based on how they influence their hydration environment,

irrespective of their specific chemical or topographical properties.

The general expression in Eq. 2 can be adapted to serve various purposes. For instance, if
the summation in Eq. 2 is defined to include an ensemble of interfacial molecules sampled over
many positions and across many independent snapshots, then the resulting value of A..; can be
used to characterize the average properties of the interface. For heterogeneous surfaces, the
summation in Eq. 2 can be defined in such a way as to generate spatially resolved maps of 4.
To accomplish this we adapt Eq. 2 so that it can be applied to compute A.; at a specific position

along the surface, 7, and point in time, t. Specifically, we utilize the expression,
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where K(7i,t') is the orientational configuration of the water molecule that is closest to

position 7y, at time t’, and the summation is taken over a series of N, discrete time steps along



the interval 7. In practice we evaluate A.o¢(Tsurs t;7) separately for a discrete set of position
located on the two-dimensional manifold of the hydrated surface. For a planar surface these
points lie on the vertices of a square lattice with lattice spacing that can be varied arbitrarily to

achieve any desired spatial resolution.

Since we define K (75 t") to include only the single nearest water molecule (see the
Supporting Information for more details), the number of sampled configurations for each surface
point is equal to the number of snapshots evaluated in the time interval 7. For a given position
along the surface, the set of molecular configurations that are averaged over to compute
Aret(Tsurs, t 3 T) thus include a variety of different orientations and values of a. We find that
approximately 10* individual snapshots (e.g., about 20 ps of simulation data) are required to
distinguish between hydrophobic and hydrophilic regions of a surface and approximately 10’
snapshots (e.g., about 0.2 ns of simulation data) is required to converge a spatial map of
Aret(Tsurs, t 5 T) of a static hydrated surface. The value of T in Eq. 3 can be varied to highlight
average interfacial response to a heterogeneous surface (i.e., large 7) or to highlight transient

fluctuations in interfacial molecular structure (i.e., small 7).

Early approaches to mapping the hydration properties of heterogeneous solutes, most
notably those developed by Kyte and Doolittle, were based on a spatial decomposition of surface
chemistry," and have since been extended to provide higher resolution." These approaches often
fail to accurately predict solvation properties due to their neglect of transverse correlations
within the water interface. More recent approaches have focused on water-based mapping
methods. These include approaches based on local density fluctuations,”*' single water chemical

potentials,” and local electrostatic fields.”> Our method is complementary to these previous



approaches and can be adapted, via the selection of different reference systems, to map a wide

variety of interfacial properties.

We illustrate the performance of our method by applying it to characterize the
hydrophobicity of heterogeneous surfaces. To do this we use a single reference system as a basis
for interfacial characterization — the liquid water interface at an ideal hydrophobic surface. We
represent this reference system using the intrinsic molecular structure of a liquid water-vapor
interface, which has been shown to reflect the microscopic characteristics of an ideal
hydrophobic surface.” The collective molecular arrangements that are common to this reference
system are thus specified by f(¥|phob). As we demonstrate below, and in the Supporting
Information (SI), A, is capable of distinguishing between the interfacial molecular structure of
hydrophobic and hydrophilic surfaces and can thus be treated as an order parameter for
hydrophobicity. As such, we use A, computed according to Eq. 3, to analyze water’s
interfacial response to heterogeneous surfaces. Since App,), i8S based only on water’s interfacial
molecular structure, it can be used to generate hydrophobicity maps that reveal the effective

solvation characteristics of surfaces with complex or unknown properties.

As a proof of concept, we apply our framework for interfacial characterization to a model
silica surface with a patterned composition of hydrophobic and hydrophilic surface sites.”> As
illustrated in Fig. 2, the surface sites of this model can be either nonpolar (i.e., hydrophobic), if
they are terminated with a neutral silicon atom, or polar (i.e., hydrophilic), if they are terminated
with a charged hydroxyl group. Artificial surfaces with well-defined surface patterns can be

created by specifying the hydroxylation state of the surface sites. We then use 4, to analyze

water’s response to various surface patterns. We quantify this response by computing §A,.o¢ =



Aret — {Aref)o, Where (...); denotes an equilibrium average taken within the ensemble of
configurations sampled directly from the reference system. In this way, values of 4, = 0
correspond to interfacial environments that resemble that of the reference system. Further details

about the simulations are described within the SI.
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Figure 2. (a) A snapshot of a simulation of a periodically replicated slab of liquid water hydrating a 6x6 nm* model
silica surface. (b) and (c) The chemical termination of the surface sites determines whether they are hydrophilic or

hydrophobic respectively.

Figure 3 highlights the ability of Appe, to distinguish between water’s interfacial
molecular response to hydrophobic and hydrophilic regions of a spatially heterogeneous surface.
Specifically, we have computed A, using Eq. 3, for points along an extended hydrophobic
surface with a nanoscale rectangular hydrophilic patch, as shown in Fig. 3a. For the data plotted
in Fig. 3b, A, has been averaged over a long observation time of T = 4 ns (20000 individual

configurations). We observe that water’s average interfacial molecular structure exhibits spatial



variations that mimic the chemical patterning of the underlying silica surface. Over non-polar
regions of the surface 8§20 & 0 (i.e., Aphon = (Apnob)o), indicating that interfacial molecular
structure is similar to that of the hydrophobic reference system. Over polar regions of the
surface 8Aphen > 0 (i.e., Apnop > (Apnob)o), indicating that water’s interfacial response differs
significantly from that of the reference system. Low amplitude spatial modulations in A, can
be observed over both the polar and the non-polar regions of the surface. These modulations
reflect the corrugation of the atomic surface and thus indicate that this order parameter is
sensitive to the subtle influence of surface topography on water’s interfacial molecular structure.

We present results for a variety of different surface patterns in the Supporting Information (SI).

Transient fluctuations in local interfacial structure can be analyzed by computing 64,
with a smaller value of 7. For instance, Fig. 3d shows §4,,,, computed for the surface in Fig. 3a
using a value of T = 20 ps (100 individual configurations). The use of a shorter observation time
highlights the transient details of water’s interfacial molecular structure. Thus, by comparing
local values of 84, over multiple consecutive snapshots it is possible to observe the transient
fluctuations of interfacial molecular structure and investigate how they depend on the details of
local surface chemistry and topology. The dynamic range of 64, within the hydrophobic

reference system is described in the SI.
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Figure 3. (a) A snapshot of the water-exposed face of a model silica surface featuring a hydrophilic patch against a

hydrophobic background. (b) and (d) A plot of §4, indicated by shading, computed for points along the surface
of the structure shown in Panel (a). The data in Panels (b) and (d) reflects an average over an observation time of
T =4ns and 7 = 20 ps, respectively. (c) A plot of the value of 8., computed along a line at y = 3 nm (the
yellow dotted line in Panel (a)) that highlights how interfacial molecular structure is affected by the patch boundary.
Grey points are values of §4,,,, computed with 7 = 20 ps, sampled at different points in time and the solid line is

8 Aphob computed with T = 4 ns.

Water molecules that reside over the boundaries between polar and non-polar regions of
the surface experience a laterally anisotropic aqueous environment. In these regions, such as
along the edge of the polar patch of the surface illustrated in Fig. 3a, § A, takes on values that
are intermediate between that of the extended polar and non-polar surfaces. The characteristics of

0Aphob in these boundary regions reveal details about the molecular correlations that mediate

10



interactions along liquid water interfaces, and how these correlations are influenced by the

details of surface-water interactions.

In the case of the model silica surface we observe that the effect of the polar/non-polar
surface boundary on the interfacial molecular structure is local, limited to the region directly
above the surface boundary. A cross-section of 84, that cuts through the center of the
hydrophilic surface patch is plotted in Fig. 3c. This plot reveals that the influence of a large
hydrophilic surface patch on water’s interfacial molecular structure only extends about one
molecular diameter beyond the edge of the patch. The observation that water’s interfacial
molecular structure exhibits a very narrow boundary between hydrophobic and hydrophilic
surface domains is somewhat surprising given the strong orientational correlations that are
present in liquid water.”®*” We expect that this near absence of surface-induced transverse
correlations is not a universal feature of liquid water interfaces. Rather, we hypothesize that the
specific water configurations that arise over hydroxylated surface sites tend to orient in such a
way as to be commensurate with the hydrogen bonding structure of a hydrophobic interface. This
would minimize strain in the interfacial hydrogen bonding network that would otherwise lead to
extended lateral correlations. We anticipate that different hydrophilic surface chemistries likely

exhibit a range of variations in the type of lateral interfacial correlations that they support.

The results presented in Fig. 3 verify that § Ay, is effective as a local order parameter for
surface hydrophobicity. This order parameter can thus be used to infer the effective hydration
properties of an unknown aqueous surface. For the model silica surfaces the heterogeneity in

surface chemistry is mirrored by the spatial dependence of §4,,,, however, for more complex

surfaces, the relationship between surface structure and 84y, is not so straightforward. When
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this is the case, 64, can provide valuable physical insight into the relationship between surface

heterogeneity and local hydration properties.

2.5ns 7.5ns

Figure 4. (a) A simulation snapshot of the CheY protein. Water molecules are omitted for clarity. (b) A map of
8 Aphob computed for points along the surface of the protein using 7 = 10 ps. (c) Spatial maps of §4,,, for a series

of protein conformations spaced out along a 10 ns trajectory.

The complex heterogeneous surface properties of hydrated proteins are reflected in the water’s
spatial dependence on interfacial molecular structure. Figure 4 illustrates that this spatial
dependence can be revealed with 8, Specifically, Fig. 4 illustrates the value of 82
computed along the surface of the inactive CheY protein (PDB code: 1JBE)® using Eq. 3 and a
value of T = 10 ps (100 individual snapshots; see the SI for more details of the simulation). This

map of 84, indicates regions of the protein surface whose interactions with water result in

12



hydrophobic (i.e., green shaded regions) or hydrophilic (i.e., purple shaded regions) interfacial

molecular structure.
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Figure 5. (a) A time series plot of 64y, indicated by shading, as computed for individual surface residues of the
CheY protein. In this plot, each row corresponds to a unique surface residue. (b) A plot highlighting the dynamics of

8 Aphop Tor three specific surface residues.

Details of these protein surface maps, such as the position and shapes of the hydrophilic
domains, are sensitive to the conformational fluctuations of the protein. This is illustrated in Fig.

4c, which shows the map of §4,,,, computed for the CheY protein for a consecutive sequence of

13



conformations. The dynamics of interfacial structure can be further analyzed by considering the
time dependence of 84, for individual surface residues. Figure 5 shows the result of such a
calculation performed along a 10 ns trajectory of the CheY protein. We observe that the
interfacial structure in some regions of the protein remains relatively static, as indicated by
persistent green or purple bands in Fig. 5a, while other regions of the protein exhibit interfacial
structure that fluctuates significantly in response to protein conformational dynamics. These
differences in the dynamics of local interfacial molecular structure highlight an important feature
of protein hydration. Namely, the folded structure of a protein can promote significant
heterogeneity in the fluctuations of interfacial molecular structure. That is, the aqueous
properties that mediate solvation and chemical reactivity are static along some region of the
proteins yet highly variable in others. This heterogeneity may play an important role in

controlling water-mediated processes such as protein aggregation and protein-ligand binding.

The ability to map the hydration dynamics of fluctuating irregular solutes is a unique
feature of this interfacial characterization method. Of course, this method is not limited to the
applications presented above. For instance, the approach can be easily extended to report on
additional hydration properties with the use of different reference systems, such as systematically
charged surfaces or those with specific curvature, or by expanding the definition of ¥, for
example to include dynamical information. Nor is the general approach limited to extended
liquid water interfaces. The examples described here simply demonstrate the type of insight that

can be derived from analyzing the orientational properties of interfacial water molecules.

ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the ACS Publication website at:

Details of the simulations (an ideal hydrophobic reference system, the patterned silica surfaces,
and the CheY protein) and the computations of A, with spatial and temporal resolutions,
plots of f(¥|ref) (Figure S1), the probability distributions of 84, for an ideal hydrophobic
reference system and for a fully hydroxylated model silica surface based on the definition of
f (K|ref) given in Eq. 1 (Figure S2) and an alternate definition without P (k|iso) (Figure S4),
spatial maps of 64, for the model surfaces with different patterns (Figures S3 and S4), and the

probability distribution of A, for an ideal hydrophobic reference system with TIP3P water

(Figure S5) (PDF).
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