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All biological processes occur in aqueous solution. Water dictates biomolecular structure,
is responsible for a large portion of the free energy of ligand binding, and participates
structurally in protein-protein interactions. However, few experimental techniques can
probe the biomolecular hydration shell and its diverse environments. Chirality-sensitive
vibrational sum frequency generation spectroscopy (chiral SFG) is a powerful technique
that probes hydration shell water. The work presented here clarifies the conditions required
for a chiral SFG signal to emerge, identifies the water immediately neighboring a
biomolecule as the source of the aqueous chiral SFG signal, and investigates the interaction
between biomolecules and their hydration shell by modeling the responses of the water and
biomolecule and the vibrational coupling between them. In the process, this work extends
the much-used electrostatic frequency mapping method to the NH stretch of proteins and
develops Voronoi tessellation methods for computationally dissecting molecular systems.
Taken together, this work helps to put chiral SFG on a firm theoretical and computational
footing, extending the pioneering work of Simpson, Skinner, Corcelli, Knoester, Jansen,

and Morita.
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Chapter 1: Introduction



The biomolecular hydration shell

All biological processes take place in water, and yet water has never been a central
player in structural biology. One can see why. X-ray crystallography may be able to resolve
very slow-moving (“structural”) water molecules, but beyond that the biomolecular
hydration shell is too dynamic to be considered part of the structure of a macromolecule.
This is very unfortunate because water is often a critical part of binding complexes'-* and
is the main driver of protein folding via the hydrophobic effect. So dominant are the
interactions of water with proteins that protein structure is frequently stabilized by a free
energy equivalent to a few hydrogen bonds. Water can be used as an “entropic currency”
by biomolecules binding various ligands.* Releasing water molecules increases the
system’s entropy, which helps push the free energy of binding down to a more negative
value. When “structural” water molecules are identified in complexes such as antibody-
antigen pairs, one wonders what other water molecules may be involved in the complex’s
formation and endurance. Very few experimental techniques are capable of seeing these
more dynamic water molecules. Advanced nuclear magnetic resonance (NMR) techniques
may able to measure the dynamics of this water,>” but are generally unable to provide a
structural picture of both the protein and its hydration shell on the timescale necessary to

resolve the full heterogeneity of the hydration shell.



Vibrational spectroscopy

Vibrational spectroscopy, which reports directly on the motion of molecules on a
picosecond timescale, seems like a reasonable approach for studying the hydration shell,
but conventional vibrational techniques such as infrared (IR) and Raman spectroscopy are
unable to resolve macromolecule-associated water molecules from bulk water. Bulk water
overwhelms the signal. One may try to glean information about hydration water from the
protein’s vibrational signal, but these signals are often hidden behind the huge water
response (the OH stretch overwhelms the NH stretch of the protein and the water bend
overwhelms the amide I mode signal from the protein). Isotopic labeling (for example, use
of D20 for amide I experiments) can mitigate this problem in some cases (in the case of
NH isotopic labeling with heavy hydrogen is useless due to proton exchange), but the
resulting measurement is still plagued by a lack of selectivity for hydration shell water. An
ideal technique for looking at hydration shell water would selectively probe water near a
biomolecule regardless of its dynamics, and only due to its structure. This structure need
not be fixed in place. The individual water molecules making up the structure can exchange
with bulk solvent. This is analogous to the Greek myth of Theseus’s ship, where although
every part of the ship is exchanged one by one, the ship itself remains due to the
overarching structure being preserved. Such a technique should be vibrational in nature to
be able to comment on the local environment of different water molecules, which affects

the frequency of vibrational modes such as the OH stretch and bend.



The second-order spectroscopic response

To study any given object, one must isolate it. Isolation depends on the
identification of some property that is unique to the object being studied. What is unique
to the hydration shell of a biomolecule that is not shared by bulk water? One answer is its
utter lack of symmetry, or specifically its chirality. The water molecules near a biomolecule
are imprinted with the shape of the biomolecule, and thus form chiral superstructures that
span the hydration shell. Many of these water molecules interact to varying degrees with
the biomolecule and assume a particular chiral shape. As mentioned before, although the
individual water molecules may exchange quite rapidly, the structure is preserved. Second-
order nonlinear vibrational responses, including sum frequency generation (SFG),%!!
second harmonic generation (SHG),® '>!° and difference frequency generation (DFG),
carry information about the symmetry of a molecular system. The reason for this is hidden

in the mathematical object that describes a system’s nonlinear response, the second-order

response tensor ( y®). This is a 3 by 3 by 3 tensor (in general n™ order spectroscopy is

described by a n+1-order tensor; the linear response tensor is of order 2). Because y is a
third-order tensor, it can capture the three-dimensional symmetry of a molecular system.

Specifically, components of »"* that have three different indices, such as ,®, are only

nonzero for systems that are chiral. These components are also called “orthogonal”. Thus
SFG spectroscopy can be sensitive to chirality, including the induced chirality of the
hydration shell (see below).!6 17

As a second-order process, SFG occurs when two photons (two electric fields)

impinge on a sample and induce a nonlinear response photon (electric field) with the sum



frequency (difference frequency photons are also released, but are not measured in SFG

spectroscopy). The second-order response is the third term in the following expansion
P=P+xVE +x? EE,+.. (1
where P is the system’s polarization and Po is the polarization in the absence of

perturbation. The response tensor directs the response in the following way, '8
(2)
E,e > X EE, @)
Jk

where E; is the output field and E; and Ex are the input fields. Equation 2 implies that
different components of 4 can be isolated by polarizing the input electric fields and the
output field (detector). For example, polarizing the inputs and output in the y direction

isolates 5 . Usually, polarization in the y-direction is taken to be parallel to the laser table
ny

(this is called “s” polarization), while polarization in x and z is achieved by polarization
perpendicular to the laser table (this is called “p” polarization). Polarization of the detector

in p, one of the beams in s, and the other beam in p, isolates the tensor components ,,
2?5 42, and , . Two of these elements are chiral and two are achiral. It so happens that
xyz zyz xpx

only ,© is nonzero for a uniaxial system far from electronic resonance (see below).'®
zyx

Therefore the psp polarization setting (detector p, beam 1 s, beam 2 p) is sensitive to

chirality.

Surface selectivity

In addition to offering sensitivity to chirality, all second-order spectroscopy is

inherently surface sensitive. This can be easily shown as follows.!” Suppose that a system



is not interfacial and thus has inversion symmetry. In this case, »® will not change sign if

the system is inverted, but the electric fields and resulting nonlinear polarization (P®) will,

SO one obtains

P(Z) = Z(Z)Ein lEin 2
o ® —_ A2)
—PP =y (-E,)-E,,)=x"E, E,, (3)
_P(z) — P(2)
P _p

The same is true for any even-ordered spectroscopy for obvious reasons. SFG’s surface
and chirality sensitivity makes it an ideal technique for probing chirality at interfaces.

Like chirality, interfaces are ubiquitous in biology. Processes like the mitochondrial
electron transport chain, parts of photosynthesis, and even T-cell signaling?® involve
interfaces and phase separation. SFG is thus a perfect approach to probe the structure of
biological interfaces, including associated hydration water.

Vibrational SFG is a technique where one of the input beams is an IR pulse and the
other is a visible pulse far from electronic resonance. The sum frequency response carries
complementary information to IR and Raman spectroscopy, but with interface (and
possibly chiral) selectivity. As will be shown below, vibrational SFG can be used to probe
the local environments of molecules in chiral water superstructures around biomolecules
selectively. In vibrational SFG, the polarization notation is detector, visible, IR, so in a psp
experiment, the IR beam has p (x, z) polarization. Most SFG experiments performed since
the 1980s, when the technique was introduced by the Shen group,' use ssp polarization,

which isolates ,» and , (only ,® survives in a uniaxial system), and study achiral
wz yyx wz

systems such as the air-water interface. This polarization is used because it is not chirality-

selective but carries information about the orientation of relevant dipoles.’ For example, in



an air-water interface spectrum in the OH stretch region (3000-4000 cm!), the sign of the

imaginary component of , reports on the z-direction of OH dipoles.?'**4
yyz

Heterodyne SFG experiments

Isolating the imaginary, absorptive, component of an SFG signal requires
heterodyne detection.” ** %> There are several ways to accomplish this. The Yan group uses
the internal heterodyne method,?® where the experiment is done at the air-quartz interface
and the mixing of the non-resonant response of the quartz with the resonant response of
the sample allows for extraction of the imaginary component of the response. Intuitively,
the imaginary component represents absorption because absorption corresponds to the
production of electromagnetic fields that have a 90° phase shift from the incoming fields,
and thus lead to attenuation of the incoming field. This 90° phase shift is expressed by a

factor of i. More information can be found in later chapters. “Homodyne” SFG experiments

2 . : : .
that measure ‘ ;5(2)| also contain useful information and are as selective as heterodyne

experiments, though without the enhanced peak resolution and orientational information
provided by the imaginary response. Note that homodyne spectra can be estimated from

heterodyne spectra by calculating the real component of the response from the imaginary

component using the Kramers-Kronig relation,?” 28

- ’ (2) ’
Re[z‘”(w)]=%Pjo = I;“E"_ w(f" Ly 4)

where P indicates the principal value of the integral (to deal with the singularity), and then
using

|27 =Re[x”'T +Im[x*'T )



All theory and experiments discussed in this thesis also rely on the electric dipole
approximation, which is the approximation where magnetic dipole and higher-order
electric field effects (quadrupole, etc.) are neglected. This results in a great simplification
of the nonlinear response functions, and is an excellent approximation in most biological
contexts. Note that SFG is only fully surface-selective under the electric dipole
approximation.

Figure 1.1 shows a typical experimental setup for vibrational SFG. Experimental

details can be found in Chapters 2, 3, and 4.

General theory of the second-order response

The second-order response can be derived from time-dependent perturbation
theory. Generally, the term “perturbation theory” refers to a class of methods where,
assuming a “small” perturbation, the n+1"-order correction to the system’s response can
be derived directly from the n'"-order correction. Thus, the first-order correction is derived
from the unperturbed system (using the perturbed Hamiltonian). The following discussion
closely follows the treatments of Mukamel and Tuckerman.!®-2°

The time-evolution of a system is described by the time-dependent Schrodinger

equation

dp(t) _ in
o th/(t) (6)

where y/(7) is the system wave function and # is the system Hamiltonian. The solution

to the Schrddinger equation is described by the quantum propagator U(t,t,) , as in

w(O)=U1)y () (7



To find an approximate expression for the propagator, we start with a modified Schrédinger

equation
W(tt) i A
—— = HU(t,¢ 8
Ey 7 (1.4, )
which has the formal solution
U(t.t,)= i—é j dTH(T)U (1) 9)

This solution obviously is not sufficient because the propagator is on both sides. In

perturbation theory, the Hamiltonian is divided into an unperturbed component £/ and a
small disturbance H'(¢). The laws of quantum mechanics can be expressed in different

pictures. In the Schrédinger picture, the wave function moves while the operators do not.
In the Heisenberg picture, the operators move and the wave function does not. In the
interaction picture, the movement of the wave function due to the unperturbed Hamiltonian
is transferred to the operators but movement due to the perturbation remains with the wave
function. This leads to the following expansion for the propagator due to the perturbation,

which comes from plugging in the propagator repeatedly and recursively into equation 8

U(t,t)=U,(t.1,)+ 2{(—%) j dt, j dt ... j d, (10)

vt )H'(z)U (7 .t )H'(t _).U/(7,,7)H'(t)U (7.1,)

The derivation of this expansion from the interaction picture can be found in Mukamel and
Tuckerman’s books. This equation may look complicated, but it has a very simple

interpretation. Moving from the right, the operators describe

1. Free evolution from £, to T,

2. Interaction with the perturbation at T,



3. Free evolution from T, to 7,

4. Etc.
Note that because the operators do not commute with each other, the order of the operators

matters and the order of the time arguments matters. In other words, T,> T, >, must

always be enforced when determining the order of operators. This expansion is called a
“time-ordered exponential” because it can be seen as a Taylor expansion of a kind of matrix
exponential. The Fourier transform of an exponential is a Lorentzian, and is important
when formulating the frequency-domain version of the propagator’s effect (see Mukamel
Chapters 2 and 3). To enforce causality, a “Green function” is defined, which I call a

“causal propagator” in this context. It is given in the time domain by

G(t—1,)=0(t—1t)U(t,t,) (11)
Where 6(f) is a Heavyside function that prevents propagation backwards in time. The
Green function is given in the frequency (energy) domain by

1
Ry TR (2

where I occurs here just to avoid the singularity, but in more detailed treatments can
represent dephasing and relaxation of the system (see Mukamel Chapter 6).
To fully understand the nonlinear response, we need to define the system’s state in
a more detailed or descriptive way using the density matrix, which is defined for a pure
state by the outer product of the system wave function
p=lyXy| (13)
The average value of an operator’s corresponding observable is given by

(A)=Tr[pA]=Tr[4p] (14)

10



The Liouville-von Neumann equation describes the density matrix’s time evolution:

ap I oroa
—=——[H 15
Y h[ .P] (15)

This equation of motion can be derived from the Schrédinger equation by combining the
original Schrédinger equation with its complex conjugate. An analogous expansion to
equation 9 using the Liouville-von Neumann equation produces a bewildering set of nested
commutators that are difficult to write down and reason about directly. To avoid this
difficulty, Mukamel developed the concept of Liouville space, which defined as the space
similar to Hilbert space where the density matrix and other operators are vectors rather than
matrices. This allows one to write down the Liouville-von Neumann equation as a direct

analogue to the Schrodinger equation:

ap i
F__‘g¢ 16
TP (16)

where £ is the Liouvillian superoperator that represents the commutator in equation 15
applied to the density vector in Liouville space. This equation looks the same as the

Schrodinger equation, which is useful. In particular, it allows the definition of a Liouville
space propagator superoperator 2l , which represents the following operator combination
in Hilbert space ([®] represents the expression being acted upon)

A(t,2,)=U(t,t,)[*]U" (t,2,) (17)
Just like this, one can define superoperators in Liouville space corresponding to the dipole

operator and Green function (i.e. causality-aware propagator) (V 2> U, G > &, etc.).
Replacing the absolute times in equation 9 with time intervals, and noting that under the

electric dipole approximation

11



() =—E@)D (18)

where E(t) is the time-varying electric field and 2 is the Liouville space dipole

superoperator, one can write the system’s polarization to n'h order as
PO(ny=[dt [ar, .. [dtS" @, b, .t )E(t—t ) E(t—t,—1, ). E(t—t,..—1) (19)
0 0 0

where S is the “response function” of the system

SUNL sl = (%j (V &(2,)08(t, ,)..8(t) Tp(—=))) (20)

Note that this expansion similar to the Hilbert space wave function-based expansion in
equation 9. The double brackets represent the trace, which becomes an inner product in
Liouville space. The unpleasant nested commutators implied by equation 19 do not have
to be written at this point. Of course, in actual calculations, Hilbert space must be
reintroduced. For example, one way of writing the second-order response using equation

19 in Hilbert space is

SP(tt,) = (éj 0(1)0(2, )XV (1, +t) [V (1)IV (2, p1D 21

Here the propagators (Green functions) have been absorbed into the dipole operators’ time
arguments. This response function contains many terms, one for each combination of
operations in the commutators. Each term is called a “Liouville space pathway” and
represents a certain sequence of events that happen to the density matrix. Sometimes it gets
hit from the left and sometimes from the right, all at different times. Each sequence of
events (pathway) can be represented with a double-sided Feynman diagram (see Boyd
Nonlinear Optics*® and Mukamel). In second-order spectroscopy, sum frequency

generation is one group of pathways. Difference-frequency generation is another. Note that

12



the leftmost dipole operator is not part of the nested commutator because it is the dipole
operator being combined with the density matrix in the expression

P =Tr[V p™] (22)

The easiest way to think about what happens the density matrix is to remember that

the (transition) dipole operator takes the wave function from eigenstate a to eigenstate b.

The density matrix represents the system in more complete way, and it has two wave

function components, the “ket” (|y)) and the “bra” ({(y|). In the nested commutator in

equation 21, some events affect the ket, flipping it from a to b, and some affect the bra,
doing the same. This is what is captured in double-sided Feynman diagrams. The presence
of a particular ket and bra at a given timepoint is called a coherence, because it represents
the relationship between two different eigenstates. A second-order Liouville space pathway
could be something like aa=>ba-> ca, where the first letter represents the ket and the second
represents the bra (remember that the density operator is a ket and then a bra). In this case,
only the ket is acted upon. Another pathway could be aa=>ac—>bc, where the ket and bra
are both acted upon once. In the frequency domain, the second-order response function can

be written as

S@,,0,) < (a| A|bXb| | cXe|Ala)l, (0 + )], (o)

(23)
_Ibc(wl + wZ)Iba(wl)+ [ab(wl + wQ)Iac(wl) - Ibc(wl + wZ)Iac(wl)]
where
I (@)= —— (24)
ab o-o,+iT,

where @, is the frequency of the a>5 transition and T"  is the dephasing/relaxation rate

associated with the transition a=>b. Note that the dipole terms are vectors, so the response

13



function is a third-order tensor, as expected. The full second-order response equations in
the frequency domain with tensor components and the resulting permutations can be found
in refs 30 and 16. Note also that the reason the frequency domain representation is a set of
Lorentzians is because a Lorentzian is the Fourier transform of a (decaying) exponential,
and the time-domain propagators are decaying exponentials. The decaying aspect is only
accessible in the density matrix formulation, as wave functions alone contain no
mechanism to express decoherence due to a random bath. As expected, each term in
equation 22 represents a sequence of events happening to the density matrix (ket or bra).

The sign of the term is determined by the number of bra interactions (odd means negative).
S@ is directly proportional to the susceptibility y'*. The time- and frequency-domain

approaches to the nonlinear response are completely equivalent, and deciding which to

focus on is purely a matter of convenience. One can always perform a Fourier transform.

Vibrational SFG in the frequency and time domains

Very often, only a few terms implied by equation 22 are relevant because of
resonance enhancement. For example, in vibrational SFG spectroscopy, only terms
involving @, (the IR frequency) are significant.! This makes calculation of the SFG
response much simpler. The vibrational SFG response is given by a Liouville space
pathway that corresponds to 1. Excitation from the ground state to a vibrationally excited
state, and 2. A Raman transition includes virtual states high above the ground state. The
polarizability follows from the full expression for 8 found in ref ?!. Assuming only one

ground state a, the response becomes!% 3! 32

14



B, (=3 % PXOIA @ .

B 0o-o,k +’Fab

in the frequency domain and

B, (w)=i j: dte™ Y e (ale" "de | bYXb| 1, | a) (26)
b

in the time domain. Because
Hl|a)= ho, |a) (27)

equation 26 can be rewritten as
o i T i Lin N
B ()=i] die ;e aler " qe " |bXbI 4, |a) (28)

At this point two distinct (semi)classical approximation can be made. The first one assumes
that the dipole and polarizability operators can be replaced by their classical equivalents,

yielding

By =il die™ (o, (0, ) 29)

This is the Morita-Hynes equation for the vibrational SFG response.?! It is the Fourier

transform of the dipole-polarizability time correlation function. An alternative

33, 34 5

approximation, made by Skinner and independently by Jansen,*® is to replace the

matrix operators &, and 1, with vectors with one entry for each vibrational chromophore

and to absorb the time evolution of ¢ «.e” on the right into o (¢), leaving just one
i g p g

complex exponential yielding, formally,

B (@)=if a Y at(t)e Ml (0) (30)
ab
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where here the a and b indices represent vibrational chromophores and the Hamiltonian is
in the local mode basis, with vibrational frequencies on the diagonal and vibrational
couplings between modes on the off-diagonal. The propagator in equation 31 is solved for
by integrating the time-dependent Schrodinger equation for the propagator. This method is
more expensive that the Morita-Hynes method?!: *¢ due to the explicit integration, but can
be more accurate if the Hamiltonian, dipole, and polarizability are obtained from
electrostatic density functional theory maps accurately linking electric field to these
quantities (see below). By contrast, obtaining accurate transition dipoles and
polarizabilities from classical simulations can be difficult, even with polarizable force
fields. The highest-quality studies using the Morita-Hynes approach use ab initio molecular
dynamics trajectories.’®3° The SFG calculation is rapid but the simulations are very
expensive. Thus, it can be advantageous to use electrostatic maps and run cheap classical
simulations to obtain copious sampling. Crucially, the propagator in equation 31 provides
the oscillation needed for the correlation function to yield the correct spectrum, so the
vibrational modes in question can be safely constrained using the SHAKE algorithm,*° etc.
in the classical simulation to increase the integration timestep. In this case the fluctuating
dipole and polarizability are merely the envelopes of the “true” values that oscillate rapidly
as the bond vibrates. In the Morita-Hynes approach the oscillations must come directly
from the dynamics.

The Skinner-Jansen approach scales as N3 with the number of vibrational
chromophores, which can be expensive for large systems. A cheaper approach that also
scales as N3 but requires far fewer N° operations is the inhomogeneous limit approximation.

In this approach, the dynamical aspect of the line shape is neglected and the line shape is

16



assumed to be the simple average of configurations over a trajectory. In the absence of

dynamics, for each configuration the semiclassical propagator is given by*!
Uty=e™ 31)
where @, is the current Hamiltonian. Inserting this into equation 30 and diagonalizing the

Hamiltonian, we obtain
B (@)=if dte-’“”zze ot (H[Ue U, 1! (0) (32)

where U is the eigenvector matrix and A is the diagonal eigenvalue matrix. Expressing

the matrix product as a set of sums, assuming a constant I, and rearranging and

reindexing significantly, we perform the following series of operations

ﬂyk(w):ijomdte‘ or ”ZZay(t),uk(O)ZUM U,,le™]
_ ij: dt e’”‘”e’r’zz(x;(t)(ZUaa,Uba,[e”"“]a,a,)u,f(O)

_ ij:dze*l‘w’efffZ[e*W]a,Z (U, ) DU, 17 (0)
a' a b (33)
— ij:dte-fwfe-FfZ[e-W]a,(Z a;(t)(Uaa,))(ZUba,,u,f(O))

a'

e e S U

a'

= ij: dt e—iwte—rtz[e—iit]a(z a;(t)(Uba ))(2 Uba‘l,l]}: (O))

a

Performing the Fourier transform, we obtain Skinner’s expression for the inhomogeneous

limit in Lorentzian form

QU0 U(O)ZUbauk(m

B (@)=( >, pR—— (34)
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Note that the denominator can be expressed in other conventions with different signs. This
is the convention used by Skinner. The average is over all configurations in a trajectory.
Note also that if equation 34 is used for an entire molecular system, 3 is replaced with

(2)
Y AR

Chiral SFG of achiral molecules in chiral configurations

Most of the work presented here concerns the chiral SFG response of the hydration
shell. The hydration shell is chiral as an assembly, but it is not immediately obvious that
achiral molecules should produce chiral SFG signals, because achiral molecules lack any

nonzero orthogonal [3 elements (elements like B.. where all three indices are different).

Naively, it seems that these elements alone should give rise to the orthogonal (chiral)

elements of y'. The reality is more complicated. y'* arises from [ according to'®

250,09 = Y (R (9.0.9)R (9.0.)R, (9.0.9)B,, (35)

ijk
where R is an Euler angle matrix describing the transformation of the molecular frame into
the laboratory frame. This discussion will assume the zyz Euler rotation convention,'®

where the three Euler angles represent rotation about the original z-axis (¢ ), tilting of the

z axis toward a new z’ axis about the y-axis (@), and then subsequent rotation about the

new z’ axis (Y ). There are many other, equivalent Euler angle conventions that allow
rotation to any conformation in three-dimensional space that differ slightly in the role of

the angles. In uniaxial systems (i.e. systems with C_ symmetry), y* is given by

18



VaCADE ﬁ [ doY (R, (0.0.)R,(0.0.)R, (9.0.)B, (36)

ik
where the integral is over all initial rotations about the z-axis. All the systems mentioned
in this work have uniaxial symmetry. Crystals, for example, do not, and equation 36 does
not apply to them.

To determine which elements of [ survive in a given vibrational normal mode of

a given molecule, we turn to group theory, the theory of (molecular) symmetry. Each
molecular point group contains a set of symmetry operations that leave the molecule
unchanged. The point group contains a number of irreducible representations, which for
the purposes of this discussion correspond to the possible normal modes. Note that not
every irreducible representation necessarily has a corresponding normal mode. The
symmetry operations and irreducible representations are summarized in a character table,
where the figures (“characters™) represent the effect of the symmetry operation on each
irreducible representation. A character table for the point group Cav is found in Table 1.1.
In this table, a “1” represents no change upon the given transformation, while a -1 indicates
inversion under that transformation. The character table can be used directly to calculate

2 which determine which

the remaining elements of [ using projection operators,*
components of [ are insensitive to the symmetry operations of the point group. These

objects “project” the effect of belonging in each irreducible representation onto an operator

3. Note that because vibrational SFG essentially relies on an infrared transition followed

by a Raman transition, a normal mode must be both IR- and Raman-active to be SFG-

active, as indicated by
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_ 90, ou,
B =55 20 @)

where Q is a normal mode coordinate and the two derivatives represent the transition dipole
and transition polarizability. To obtain the surviving elements of 3 in a given point group
and in various irreducible representations within that point group, we first determine the

surviving elements of & and U and then take the tensor product to determine the

remaining elements of 3, as in

B=a®u (38)

The projection operators are given by*?

=T Y 1(ey O
‘ G |geG

= AZJcr(gYogoc[og]*‘
| G |geG

(39)

al"
where y" and o are the remaining dipole and polarizability vector and matrix,
respectively, G is the point group, |G| is the number of symmetry operations in the point

group, y.(g) is the character of the current symmetry operation (g) within the current

irreducible representation (I"), Oy is the matrix representing the symmetry operation g,
and f,. is the dimensionality of the irreducible representation I' (often 1, though not
always).

The water molecule belongs to the point group Cay, for which the remaining

elements of 3 are B_, B__, and B, (symmetric stretch, irreducible representation Ar)

and ﬁm, ﬂm, B, and ﬁzyy (asymmetric stretch, irreducible representations B or B»).

20



Using equation 36 and these 3 elements, the element ;2 , probed by the psp polarization

setup, is given by!'¢

22,6, < %sinz(e)sin@w)(—ﬂm +B,.-B.+B.) (40)

where XYZ refers to the laboratory frame and xyz to the molecular frame. Note that none

of the included S elements are chiral (orthogonal). Instead, achiral elements add up to a

chiral component of the susceptibility. But, g » B,. and g » B, only in a system

that has no symmetry. This allows a chiral SFG signal to form from the chiral hydration
shell. Molecules with some higher symmetries like Csy cannot form chiral SFG signals
even in a chiral configuration because not enough [ elements remain. However, this is
not completely true in real systems, as asymmetric vibrational couplings can completely

break molecular symmetry and allow chiral assemblies of any point group to produce a

chiral SFG signal (see Chapter 3).

Cov E C2(2) Oxz Gyz modes
A 1 1 1 1 symmetric
stretch, bend
A2 1 1 -1 -1 none
B; 1 -1 1 -1 asymmetric
B> 1 -1 -1 1 stretch

Table 1.1 Character table for the C2v point group. E represents the identity operation, Cz rotation about the
principal axis, ox. reflection across the xz plane, and oy, reflection across the yz plane.

Calculating the chiral SFG signal of a uniaxial system

The experimental systems mentioned in this thesis are all uniaxial (they have C_

symmetry). However, the MD trajectories do not have this property. To simulate the effect

21



of this property it is necessary to convert from the original system to the uniaxial system.
This can be done by taking the integral in equation 36, effectively rotating the system into

every possible configuration. When that is done, it is found that the element > in the

rotated system corresponds to @ > in the original MD trajectory. For this

reason, the chiral SFG (psp) signal is calculated as 5 — 5 in practice. See ref 43 for

more information.

The meaning of the sign of the chiral (psp) response and achiral (ssp)

responsce

As mentioned earlier, heterodyne detection allows the isolation of the imaginary,
absorptive, component of y**'. The imaginary component’s sign carries information about

the orientation of the molecule. In the case of ssp polarization, the sign of the response
tracks with the z-component of the relevant transition dipole. In psp polarization, although
the sign of the lineshape does change depending on molecular orientation, the absolute sign
of any one conformation is very hard to predict without explicitly modeling the response,
although it also depends on orientation. This section shows why this is, starting from
equation 34, from which it is easiest to see the meaning of the phase. The discussion uses
a simplified system of one water molecule with identical OH groups. To simplify matters

44, 45

further, we invoke the bond polarizability approximation, which models the

polarizability as belonging to an individual vibrating bond without interplay between

bonds. The transition polarizability ¢¢ is then proportional to*

o, o< (o, =0 Juu +or (i) (41)
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’
where (xH' and @ are the components of the transition polarizability derivative parallel

and perpendicular to the bond, respectively, ; and J are unit vectors for the i and j axes,
and u is the bond unit vector. In chiral SFG, the relevant components of the polarizability

are ¢ and o (see previous section), so ;- j=0. The chiral polarizabilities are then
zy zx
proportional to

’ ’
o, o< (0 —or, Juu,

(42)
o < (oc”' - J_,)uzux
and the achiral polarizability is given by
o, o< (af —a )l +o (43)

Putting it all together, and assuming for simplicity that the two OH groups have the same

frequency and so the eigenvector matrix is approximately given by

P 44
uﬁ(l_lj (44)

where the first column corresponds to the symmetric stretch and the second to the

asymmetric stretch. We also assume that the transition dipole is given by
L, o<, (45)
Finally, for the chiral response, we obtain (see previous section)

r[u(l)u(l) + u(z)u(z)][u(l) + u(Z)] _ r[u(l)u(l) + u(2)u(2)][u(l) + u(2)]
z y z y X X zZ X z X y y

'Bchiml = ﬁz_\’x _ﬁzxy « ﬂl -w-il’ (46)

1 1 2). (2 1 2 1 1 2 2 1 2
r[ui )u;) —ui )uy )][ui ) —ui )]—r[ui )uv(x)—ui )uf( )][u;) —ufv )]

+
A, —-w-ill

where 7 represents of—a - This expands and simplifies to
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r(u(l)u(l)u(z) + u(2)u(2)u(l) _u(l)u(l)u(z) _u(2)u(‘2)u(1))
ﬁ — z Ty X z "y X z x y z x
chiral l -
-0-il’
1
m, @, (2) (2),,(2), (1) m,, M, (2) (2),,(2),,(1) (47)
r(—u v u” —uu T u ) s uuw u u )
+ z Ty x z Ty x z x y z x Oy

A, —w-ill
Note that only cross-terms remain. If there is no coupling between the OH groups, on
average A = A, , so there is no signal because the terms all approximately cancel. Equation

47 illustrates why the sign of the chiral response is so hard to predict — it depends on
products of the components of the bond unit vectors, each of which can be positive or

negative. By contrast, the achiral response for single water molecule is given by

" 2D o, 22) (D) (2)
_(0{H o )(uy +u +20 YWu'+u”)

ﬁachiral = ﬁyyz -

A —w—il
NG Uil AR 9)
A, —w—il’
2(1) 2(2) (1 (2)
_ (+)(u£1) + uiz)) _ (+)(uy —u, Yo’ +u”)
A —w—il A, —w—il

where (+) represents collective quantities that are always positive and thus do not influence

the phase contribution of each term. This expression shows that while the phase of the
achiral response is not simply a function of the z-component of the dipole as is often
assumed (at least when intramolecular couplings are engaged), the first term has a very
simple behavior and the second term is approximately zero when the water molecule faces
with one OH group into the interface and the other into the water, and it is these water
molecules that contribute most to the achiral SFG signal from the air-water interface. The
second term explains the minor shift in the response due to inclusion of intramolecular
couplings (see Chapter 3). Overall, it can be seen that the chiral SFG phase is more

complicated than the achiral phase. For this reason, the chiral phase can be thought of as a
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fingerprint of a molecular system in a particular orientation. Figure 1.2 shows the

complexity of the chiral phase distribution by breaking down different regions of water

around two interfacial protein systems by their contributions to the phase (see future

Chapters for a description of these types of systems).

wsum = wIR+ wvis

sample

z
Ce symmetry

S

Evis

a

\ 4

Figure 1.1. A typical vibrational SFG setup, with IR and visible beams overlapped in space and time on a

sample. The eye represents the sum-frequency detector.
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Figure 1.2. a) Contributions of various regions of water around the protein LK7f to the chiral phase b) chiral
SFG spectra of LK7f3 and a related peptide, LS+, that has a nearly opposite chiral SFG response. ¢) The total
chiral phase summed along the z-direction for the two systems, showing the dominance of positive
contributions (yellow) for LK} and negative contributions (blue) for LS7p.

Preview of Chapters

I began my studies of chiral SFG by implementing and adapting Skinner and
Corcelli’s electrostatic mapping method to chiral SFG and modeling the chiral SFG
response of water (Chapter 2). I then investigated the role of vibrational couplings between
OH groups in the chiral SFG response (Chapter 3). I found that vibrational couplings are
crucial to the production of a chiral SFG response in water. This can be explained using
symmetry arguments. I then investigated the source of the chiral SFG signal of water
(Chapter 4). I found that only the first hydration shell, as defined by Voronoi tessellation
and neighbor analysis, contributes significantly to the chiral SFG signal. This can be
explained by noting that the water molecule superstructure around a protein only lacks
symmetry when very close to the protein. This study depended on the rarely used but very

powerful Voronoi tessellation method. Although I had successfully modeled the chiral SFG
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response of water around protein, I lacked a way to model the response of the protein itself,
and the protein-water interaction. The relevant vibrational mode in the OH stretch region
is the protein backbone NH stretch, so I designed an electrostatic map to relate local electric
field around the NH group to vibrational frequencies and transition dipoles (Chapter 5).
The key idea in this study was to use an internal hydrogen bond in a tetraalanine peptide to
model the secondary structure of proteins in a computationally tractable way. The resulting
map correctly predicts peak location trends between different systems and allows for much
more accurate modeling of the experimental chiral SFG spectrum of protein at the air-water
interface. I discovered that chiral SFG is quite sensitive to the vibrational coupling between
NH and OH groups, which makes it an excellent method to probe protein-water
interactions. I later returned to Voronoi tessellation and demonstrated its usefulness in a

variety of molecular contexts, with an emphasis on SFG modeling (Chapter 6).
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Chapter 2: Mirror-image antiparallel B-sheets
organize water molecules into superstructures of
opposite chirality

Adapted from the following reference with permission:
Perets, E. A.; Konstantinovsky, D.; Fu, L.; Chen, J.; Wang, H.-F.; Hammes-Schiffer, S.;
Yan, E.C.Y.
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Abstract

Biomolecular hydration is fundamental to biological functions. Using phase-resolved
chiral sum-frequency generation spectroscopy (SFG), we probe molecular architectures
and interactions of water molecules around a self-assembling antiparallel B-sheet protein.
We find that the phase of the chiroptical response from the O-H stretching vibrational
modes of water flips with the absolute chirality of the (L-) or (D-) antiparallel -sheet.
Therefore, we can conclude that the (D-) antiparallel B-sheet organizes water solvent into
a chiral supermolecular structure with opposite handedness relative to that of the (L-)
antiparallel B-sheet. We use molecular dynamics to characterize the chiral water
superstructure at atomic resolution. The results show that the macroscopic chirality of
antiparallel B-sheets breaks the symmetry of assemblies of surrounding water molecules.
We also calculate the chiral SFG response of water surrounding (L-) and (D-) LK7f to
confirm the presence of chiral water structures. Our results offer a different perspective as
well as introduce experimental and computational methodologies for elucidating hydration
of biomacromolecules. The findings imply potentially important but largely unexplored
roles of water solvent in chiral selectivity of biomolecular interactions and the molecular

origins of homochirality in the biological world.
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Introduction

Biological functions at the molecular level require changes in the structures and
dynamics of biomacromolecules. These changes are strongly influenced by water
hydration shells.! Probing the structures and dynamics of water molecules in hydration
shells is fundamental for understanding molecular mechanisms of biological functions. Our
group demonstrated that a water superstructure assembles around an antiparallel B-sheet
protein and gives a chiroptical response using vibrational sum frequency generation (SFG)
spectroscopy.? This result was informed by Petersen and coworkers’ observation of chiral
vibrational SFG signals from water molecules in the minor groove of double helix DNA.*
4 Since water molecules are achiral, these two studies suggest that water molecules are
arranged in chiral supermolecular structures. Those results align with Simpson’s theory
that achiral molecular entities incorporated into a chiral architecture can generate chiral
second-order optical responses.> ¢ These chiral SFG studies have led to a model in which
biomacromolecules act as a template to organize the surrounding water solvent into chiral
superstructures. Nonetheless, many questions remain. For example, what are the
architectures of water molecules in the superstructures? What are the molecular
interactions that drive water self-assembly?

Here, we probe the chiral water superstructure around an antiparallel B-sheet
secondary structure using heterodyne phase-resolved chiral SFG vibrational spectroscopy.
We study the amphiphilic LK peptide® 12 composed of (L-) or (D-) amino acids. These
(L-) or (D-) LKsB peptides self-assemble into mirror-image antiparallel B-sheets.!!-!4

Designed by DeGrado and Lear in 1985, the LKB peptide with the sequence LKLKLKL

is strongly amphiphilic, with the hydrophobic leucine sidechains orienting toward the
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hydrophobic phase and the polar lysine sidechains orienting toward the hydrophilic
phase.!! This sidechain orientation forces the peptide backbone to adopt Ramachandran
angles standard for antiparallel B-sheets.!! Hence, it is energetically favorable for the
peptide to self-assemble into antiparallel B-sheet structures. Indeed, the LKp peptide and
its variants in native (L-) form have been commonly used as a model system in surface
studies.®-12 15-17

We obtain the phase-resolved chiral SFG vibrational spectra of (L-) and (D-) LK7
in the spectral regions of the O-H/N-H stretching at ~3,200 cm™! using H>O as solvent and
the O-D/N-D stretching at ~2,400 cm™! using D>O. We also perform the experiments using
H>'%0 and D,'%0. The '80-isotopic substitution allows for the unambiguous assignment of
two red-shifted vibrational bands to the water O-H (or O-D) stretching modes and two
unaffected vibrational bands to the peptide backbone N-H (or N-D) stretching modes.
Remarkably, when the chirality of the antiparallel B-sheets changes from (L-) to (D-), not
only does the phase of the two N-H (N-D) stretching modes reverse but also the phase of
the two O-H (O-D) stretching modes.

We also use molecular dynamics (MD) to provide a qualitative description of the
average structure of the chiral water envelope around the (L-) antiparallel B-sheet. The
results show that water molecules are strongly oriented in the presence of positively
charged polar sidechains, both near the protein backbone at the vacuum—water interface
and at least 10 A into bulk water. We identify aspects of the water superstructure that
possess a chiral topology. Additional hydrogen-bond analyses elucidate the relationship

between the macroscopic chirality of antiparallel B-sheets and the organization of a water
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superstructure. Finally, we calculate a chiral SFG response of water molecules in the
presence of the protein.

The observation of a direct correlation between chiroptical responses of achiral
water solvent and the absolute chirality of a biomacromolecule has an important
implication: mirror-image biomacromolecules can organize water solvent into chiral
supermolecular structures with opposite handedness. Since water O-H stretching modes
are highly sensitive to hydrogen-bonding environments, this work offers a different
perspective as well as introduce experimental and computational methods for investigating
water structures and hydrogen-bonding interactions in hydration shells of
biomacromolecules. Our findings imply that chiral biomacromolecules can be enveloped
by chiral water superstructures. This observation promises greater understanding of the
chiral selectivity of biomolecular interactions and potentially suggests a key role for water

in the origins of homochirality in the biological world.

Methods

Quartz Calibration

Right-handed z-cut a-quartz crystal was cleaned with high-performance liquid
chromatography-grade methanol and then ddH>0O, dried with nitrogen, and plasma-cleaned
(Harrick Plasma; PDC-32G) on “low” for 15 min. Adsorbed 1-palmitoyl-2-oleoyl-glycero-
3-phosphocholine (Avanti Polar Lipids; catalog number 850457C) was employed to define

the quartz crystal coordinate system as described in the literature.'®
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Sample Preparation

The (L-) LK7B peptide (GL Biochem Ltd., Shanghai) and the (D-) LK7f (AnaSpec,
Inc.) were obtained as lyophilized powders. The sample preparation was previously
described.> '! Briefly, LK7B (Ac-Leu-Lys-Leu-Lys-Leu-Lys-Leu-NH) was synthesized
with all (L-) or all (D-) amino acids. The lyophilized powder was prepared at a
concentration of 1 mM in H>O, H>'*0O, D>0, or D>!30. The solution was aliquoted, flash
frozen in liquid nitrogen, and transferred to —80 °C for storage. Once thawed for SFG
experiments, unused material was discarded to avoid additional freeze—thaw cycles.

For each experiment, 10 to 20 puL of LK7B aqueous solution was dried directly on
the cleaned quartz surface. The solution was dried under nitrogen flow in a sealed container
where desiccant was present to prevent exchange with ambient humidity, resulting in a

hydrated thin film of peptide. The adsorbed film was immediately measured.

Phase-Resolved Chiral Sum Frequency Generation Experiments

The femtosecond broadband SFG spectrophotometer has been previously
described.! The quartz crystal with LK5B hydrated thin-film was probed at ¢ = 90°
(+y axis) and 270° (—y axis), where ¢ is the azimuthal angle of the quartz axis relative to
the +x axis in the laboratory frame (Figure A2.1). All chiral SFG spectra were obtained
using the psp polarization (p-polarized sum frequency, s-polarized visible, p-polarized
IR).!® 20 For each sample, 10 to 12 spectra (2 min each) were acquired along the

+y and —y axes. The spectra were cleaned for cosmic rays. The averages of the
measurements along the +yand —y axes were normalized by )((2) and then

quartz $=90°

subtracted according to the following:!® 20-2!
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Tm[ 7] e ~=2 ; 9=270 (1)

The IR frequencies were calibrated according to a polystyrene standard (Buck Scientific;
0.05-mm film). Finally, the vibrational spectra were fit with Lorentzians according to the

following:

A
Im[ y**] e Im 2 ] (2)
7 W, =0 — zl“q

where w is the frequency of the incident IR, A, is the amplitude, w, is the frequency of

the vibrational resonance, and I7, is the damping coefficient of the q™ vibrational mode.

Molecular Dynamics

A starting structure of five antiparallel LK5f strands was placed into a 125 x 125 x
125 A box, half of which was filled with TIP4P-Ew?? water and Cl™ ions to neutralize the
system to create a vacuum—water interface. The protein, which was described with the
AMBER ff14SB force field,”® was placed at the interface with the lysine sidechains
pointing into the water and the leucine sidechains facing the vacuum. The N termini were
acetylated and the C termini were amidated to be consistent with the experimental system.
The structure was minimized and then equilibrated for 6 ns at 298 K and constant volume
to preserve the vacuum. Langevin dynamics was propagated at 298 K with a friction
coefficient of 1 ps™!. The long-range electrostatics were treated with the particle-mesh
Ewald method.?* Multiple trajectories for a total of 1 us sampling were propagated, and the
configurations were saved every 10 ps. For the chiral SFG calculation, a single trajectory

was propagated for 100 ns, saving configurations every 10 fs. The simulations were
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performed with OpenMM 7.4 and CUDA 9.2.2° See Appendix for more details on the MD

trajectory analysis as well as the IR and chiral SFG calculations.

Results

Homodyne Chiral Sum Frequency Generation of (L-) and (D-) LK;f

We prepared hydrated thin films of the amphiphilic LK7f peptide on the surface of
a right-handed a-quartz crystal. Using the psp polarization setting (see Methods), we first
obtained homodyne chiral SFG spectra of the (L-) LK7p (Figure 2.1, top) as control
experiments. We then used the quartz signal as an internal phase reference to obtain the
phase-resolved chiral SFG spectra of the antiparallel B-sheets formed by the (L-) and (D-)
LK7B peptides (Figure 2.1, bottom). Compared to conventional homodyne SFG, the
heterodyne phase-resolved SFG method reveals the absolute phases of each vibrational
band relative to the phase of the quartz crystal, providing information about orientation and
chirality of the molecular systems (see “Theoretical Background of Phase-Resolved Chiral
Sum Frequency Generation” in the Appendix).!® 20-2!

Figure 2.1a shows the chiral SFG spectra in the amide I/amide II spectral region.
The amide I vibrational modes are mainly the C=0 stretching of the amide group coupled
to the bending of the N-H bond, while the amide II vibrational modes are the C-N stretching
vibrations in combination with N-H bending.?® 27 They are sensitive to protein secondary
structures.?®28 The homodyne amide I band (Figure 2.1a, top) of (L-) LK is centered at
1,620 cm™!, indicating the formation of antiparallel B-sheet structures. Previously, we

showed that the homodyne chiral SFG signal vanishes when the pH of the sample is

lowered to ~2, which denatures the antiparallel B-sheets, or when the LK73 peptide is
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composed of (L-) leucine and (D-) lysine, which disrupts B-sheet formation.!! These
experiments demonstrated that the chiral SFG response originates from the folded -sheet
secondary structure. Moreover, the phase-resolved amide I and amide II chiral SFG
responses (Figure 2.1a, bottom) for the (L-) LK7f (red) and (D-) LK7B (blue) are mirror
images, demonstrating the capacity of phase-resolved chiral SFG spectroscopy to reveal
the handedness of the enantiomeric (L-) versus (D-) antiparallel B-sheets.

Figures 2.1b and 2.1c (top, gray) show the homodyne chiral SFG spectra of the (L-
) LKsB samples on a glass surface in the spectral region of O-H/N-H and O-D/N-D
stretching for the -sheet prepared in H2O and D>O. Without phase resolution, the spectra
are very similar to the previously reported homodyne spectra of the B-sheets on a glass
surface or at the air—water interface, suggesting that the structures of LK;p are likely
conserved regardless of whether the peptide is at the air—water interface or on the solid
substrates.> ! In the previous report, the major and minor bands in the (L-) LK7B-H>O
spectrum were assigned to the peptide N-H stretching and water O-H stretching,
respectively, while both the major and minor vibrational bands in the (L-) LK7B-D>O
spectrum were assigned to chiral water O-D stretching modes.?> Although these previous
assignments were supported by H>'*0 and D,'30 isotopic shifts, they give rise to the
question, why is the N-D stretching band of the peptide backbone in the (L-) LK7B-D,O
spectrum missing??> We address this question in the next section using our heterodyne

phase-resolved spectra.
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Heterodyne Phase-Resolved Chiral Sum Frequency Generation of (L-) and (D-) LK
Prepared in H>0, H,'%0, D:0, and D;"*0

The phase-resolved chiral SFG spectra of (L-) LK in the O-H/N-H and O-D/N-D
stretching vibrational regions are shown on the bottom row of Figures 2.1b and 2.1c (red).
These phase-resolved spectra reveal spectral features that are hidden in the homodyne
spectra of (L-) LKspB (Figures 2.1b and 2.1c, top, gray). The same figures also show the
phase-resolved spectra for the enantiomeric (D-) LK7B antiparallel B-sheet (blue),
displaying a mirror-image spectral response. Residual analyses of these spectra indicate
that at least four vibrational bands are needed to fit the spectra (Figures A2.2 and S2.3).
Since both the peptide N-H (N-D) and water O-H (O-D) stretches can contribute to these
vibrational bands, we performed 80 substitution using H>!%0 and D»!%0 to distinguish
their contributions. The 'O substitution is expected not to alter the N-H or N-D stretching
frequency but to redshift the O-H or O-D stretching frequency by roughly 12 ecm™.2° If a
vibrational band undergoes such a redshift upon 'O substitution, it is assigned to water O-
H (or O-D) stretching modes; otherwise, it is assigned to peptide N-H (or N-D) stretching
modes. We present the results of 80 substitution for (L-) LK7p in Figure 2.2 and (D-) LK
in Figure 2.3.

Figure 2.2 shows phase-resolved chiral SFG spectra of the (L-) LK7B B-sheet
hydrated in H>O, H>'30, D>0, and D>'30. For the B-sheet prepared using H>O (Figure 2.2a),
the spectrum is resolved into four vibrational bands. The ones at the lowest (w; ) and highest
(w,) frequencies are assigned to the water O-H stretching modes because the corresponding
vibrational bands in the H,'®0 spectrum (Figure 2.2b) are redshifted by 11 to 13

cm! (Table 2.1). The frequencies of the two vibrational bands in the middle (w, and ws)
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are not significantly affected by '*O substitution and thus are assigned to the peptide N-H
stretching modes. The spectra of the B-sheet prepared using D>O (Figure 2.2¢) and D>'30
(Figure 2.2d) are also resolved into four vibrational bands. Similarly, the vibrational bands
at the lowest (w;) and highest (w,) frequencies are redshifted (>10 cm™") upon 80
substitution (Table 2.1) and are assigned to the water O-D stretching modes, while the two
vibrational bands in the middle (w, and w3) are assigned to the peptide N-D stretching
modes. The peptide N-D stretching modes buried in the homodyne chiral SFG spectra of
(L-) B-sheet (Figure 2.1c, top) are revealed in the phase-resolved chiral SFG spectrum.

We repeated the '3 0-substitution experiments with the enantiomeric (D-) LK7p. Figure 2.3
presents the phase-resolved chiral SFG spectra of the (D-) B-sheet hydrated in H>O, H>'%0,
D>0, and D>'30. Each spectrum is fit to four vibrational bands, yielding fitting parameters
(Table 2.2) that are comparable to those obtained for the (L-) LK7B (Table 2.1) but with
opposite phase. The vibrational bands at the lowest (w;) and highest (w,) frequencies are
redshifted (>10 cm™') upon '*0O substitution with H>'80 (D,!80) (Table 2.2) and thus are
assigned to the water O-H (O-D) stretching modes, while the other two vibrational bands

(w, and w3) are assigned to the peptide N-H (N-D) stretching modes.

Molecular Dynamics and Chiral Sum Frequency Generation Simulation of LK
Hydration Structure

To gain further insights about the hydration structure around LK7p, we performed
MD simulations and hydrogen-bond analyses (see Methods and Figure A2.3). LK/ was
modeled as a protein composed of five B-strands at the vacuum—water interface, as

previously reported.!! The MD simulations confirmed that the amphiphilic LK adopts a
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stable pleated, antiparallel B-sheet structure (Figures A2.4 and A2.5). Figure 2.4a shows
the backbone structure of the (L-) LK7B homopentamer at the atomic level as well as the
average number of hydrogen-bonding interactions between the protein backbone and
surrounding water molecules. A major difference between the two exterior strands 1 and 5
is that strand 1 has four N-H groups exposed to water, whereas strand 5 has only three N-
H groups exposed to water. This difference in hydrogen-bonding capacity is one aspect
that defines the macroscopic chirality of antiparallel B-sheets, that is, a lack of a reflection
plane along the peptide strands (Figure 2.4a, right).

Another source of chirality is revealed by analyses of the average z-component
(normal to the vacuum—water interface) of the water dipole vectors around the (L-) LK5f
homopentamer (Figure 2.4b). In the absence of LK5f, bulk water in the simulation box
adopts an isotropic orientation, except at the interface where water molecules preferentially
orient oxygen either toward or away from the water phase. We observe that this behavior
persists up to ~5 A below the interface (Figure A2.6).3°-3? In contrast, the presence of LK
strongly perturbs the water structure and orientation. This effect is clearly illustrated by the
nonisotropic orientation of water at least ~10 A below the vacuum—water interface (Figure
2.4b, top) and extending at least ~15 A on either side from the center of mass of the (L-)
LK57B homopentamer (Figures 2.4b, bottom and S2.7). In the vicinity of lysine residues and
close to the vacuum—water interface, water tends to orient with its oxygen away from the
interface toward the positively charged lysine sidechain (dark purple at z=—2 A in Figure
2.4b, top). In contrast, in the interstices near the protein backbone between lysine residues,
water tends to orient its oxygen toward the interface. The resulting truncated checkerboard-

like pattern of alternating up/down hydration water dipole orientations ~2 to 6 A below
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the protein surface (Figure 2.4b, top) is a chiral superstructure. This pattern was stable over
the course of the trajectory and was reproduced with multiple independent trajectories. The
pattern appeared with both the SPC/E and TIP4P-Ew water models (Figure A2.8).2% 33

We also calculated the infrared vibrational response of the O-H stretch of water in
our MD simulations (Appendix). We selectively probed the infrared (IR) response of water
molecules within 3 A of the LK7p backbone. We then identified water molecules for which
the average z-component (u,) of the molecular dipole moment was oriented up or down
relative to the vacuum—water interface. Figure 2.4c (and Figure A2.9) shows that the
calculated mean IR frequency of the O-H stretch is around 3,400 cm™! (black) for upward-
oriented waters and around 3,300 cm™! (red) for downward-oriented waters. Therefore, the
orientation of water molecules near the (L-) LK7f homopentamer peptide backbone
significantly influences the water O-H stretching frequency.

Finally, we calculated the phase-resolved (heterodyne) chiral SFG response of the
water molecules surrounding the (L-) LK7B homopentamer and its enantiomer, (D-) LK
(Appendix). The enantiomers produced identical SFG responses but with opposite phase,
consistent with the (D-) protein templating an oppositely chiral water structure compared
to the (L-) protein (Figure 2.5a). The (L-) LK7p spectrum contains a prominent peak around
3,357 cm™!, which possibly corresponds to the positive peak at 3,359 cm™! (w,) in the
experimental heterodyne spectrum (Figure 2.2a). The computational result did not show
the additional negative-phase 3,157 cm™! peak (w;) observed experimentally. Given how
redshifted this peak is from the gas-phase O-H stretching frequency (~3,700 cm™!), it may
arise from a rare population of water molecules forming very strong hydrogen bonds. These

bonds may not be captured by the rigid TIP4P-Ew water model used in these calculations.
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This peak may also simply require more sampling to be resolved. Our simulations also
predict an additional negative peak at a higher frequency that was beyond the spectral range
probed experimentally. In addition, we calculated the chiral SFG response from
consecutive water layers of widths of 5 A starting at the air-water interface (Figure 2.5b).
The results confirm that water forms chiral assemblies at least as deep as the lysine
sidechains can extend into the solution (~10 A) and possibly deeper (Figure 2.4b). The
spectra start to become noisier below 10 A, but the opposite phases of the (L-) and (D-)
LK5B spectra exhibited at all depths sampled suggest that some chiral water structures exist

at least 15 A below the interface.

Discussion

A comparison of the phase-resolved chiral spectra of the (L-) and (D-) B-sheets
(Figures 2.2 and 2.3) reveals a remarkable observation. Although all of the vibrational
bands observed under the same solvent conditions (H.O, DO, H>'%0, and D»'%0) are
comparable for the (L-) and (D-) B-sheets in terms of peak positions (®), peak widths ('),
and absolute amplitudes (A) (Tables 2.1 and 2.2), the phases of both the peptide N-H (N-
D) stretching modes and the water O-H (O-D) stretching modes are reversed with the (L-)
and (D-) handedness of the LK7f antiparallel B-sheets. It is expected that the phase flips
for the N-H (N-D) stretching vibrational bands because the vibrational modes originate
from the chiral peptide backbone.'? 3 However, the accompanying phase reversal of the
two water-stretching bands has an important implication. Enantiomers of a
biomacromolecule can stamp their intrinsic handedness onto nearby water solvent

molecules and organize water into superstructures with opposite chirality. This observation
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provides a new perspective on the molecular architectures of water in the hydration shells
of biomacromolecules.

Since 2011 when vibrational chiral SFG signatures of N-H stretching modes of
peptide backbones were first reported for characterizing protein secondary structures,* the
interpretation of the chiral SFG spectra of LK7f has continued to evolve. On the one hand,
Fu et al.!” reported the homodyne chiral SFG spectra of LK7p at the air-H,O and air-D>O
interfaces. Each of these spectra exhibits a major band and a minor band. Based on ab initio
calculations, the major band was assigned to the peptide backbone and the minor band was
assigned to combinational bands of various peptide vibrational modes. On the other hand,
Perets et al.? obtained the homodyne chiral SFG spectra of LK7p hydrated in H,O and D>O
on glass slides. Based on the '®0-substitution analyses, the major and minor bands in the
LK7B-H2O spectrum were assigned to the peptide N-H stretching and the water O-H
stretching modes, respectively, and both the major and minor bands in the LK7B-D,O
spectrum were assigned to the water O-D stretching modes.? Paradoxically, the peptide N-
D stretching signal seemingly disappears in the LK7B-D2O spectrum. In this study, the
paradox is resolved by heterodyne phase-resolved SFG spectroscopy. The capacity to
reveal phases of vibrational bands allows deconvolution of the two apparent vibrational
bands in the homodyne spectra into four vibrational bands. Two bands are assigned to
peptide N-H stretching modes and two are assigned to water O-H stretching modes (Figures
2.2 and 2.3). Since both N-H and O-H stretching modes are highly sensitive to hydrogen-
bonding environments, heterodyne phase-resolved chiral SFG spectroscopy in conjunction
with computational studies is a promising approach for revealing molecular details in the

chiral assembly of water molecules around the antiparallel B-sheet.
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The two O-H (or O-D) stretches at w; and w, in each spectrum of Figures 2.2 and
2.3 can inform hydrogen-bonding interactions of water molecules in the chiral
superstructures. As shown in Table 2.1, the two water O-H stretching bands are at 3,157 +
lem ' and 3,359+ 1 cm™! (Av =202 + 1 cm™!), while the two '*O-H stretching bands are
at3,146 £3 cm ! and 3,346 + 2 cm™! (Av =200 + 3 cm™!). Correspondingly, the two water
O-D stretching bands are at 2,342 +2 cm ™! and 2,499 £+ 6 cm™!' (Av =157+ 6 cm™!), while
the two '80-D stretching bands are at 2,331 =4 cm ! and 2,488 + 3 cm™! (Av = 157 + 4
cm ). When an O-H oscillator forms a hydrogen bond with a proton acceptor, the O-H
bond is weakened, and thus the O-H stretching frequency is lowered. Therefore, the
stronger the hydrogen-bonding interaction, the lower the O-H stretching frequency.
Consequently, we assign the low-frequency (w;) band to strongly hydrogen-bonded O-H
and the high-frequency (w,) band to weakly hydrogen-bonded O-H.

The 200 cm™! vibrational energy difference of the two water O-H stretching bands
(w; and w,) suggests their hydrogen-bond strength is substantially different.’® To
understand the origins of this vibrational energy difference, we calculated the IR
vibrational response of the O-H stretch of water molecules in our MD simulations. Our
calculations show that for water molecules less than 3 A from the protein backbone, the
orientation significantly influences the mean O-H stretching frequency (Figure 2.4c). If the
oxygen atom orients upward at the vacuum—water interface, the O-H stretching frequency
is calculated to be ~100 cm™! greater than if the oxygen orients downward. As discussed
earlier, the stronger the hydrogen-bonding interaction, the lower the O-H stretching
frequency. Hence, water molecules pointing toward the interface may form hydrogen

bonds that are weaker than those formed by water molecules pointing into the bulk. This
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model aligns with our experimental observation of the two water O-H stretching bands (w,
and w,) at vibrational frequencies different by 200 cm™!.

The analysis of the water dipole vectors shows not only a truncated checkerboard-
like pattern with alternating up/down water orientations (Figure 2.4b) but also variations
of water orientation patterns at the four edges of the LK7f3 homopentamer (Figure A2.10).
These results indicate a lack of a reflection plane perpendicular to the B-sheet, suggesting
that the water assemblies around (L-) LK5f are chiral. This suggestion is confirmed by our
chiral SFG calculations (Figure 2.5). This behavior may be compared with the chiral “spine
of hydration” around DNA,*’ which computational studies suggest requires steric
interactions to order water molecules in the DNA minor groove.*® ** However, in the case
of LK5P, the driving force to assemble water molecules into a chiral superstructure around
the antiparallel B-sheet appears to be hydrogen-bonding interactions. Our computational
results suggest that these hydrogen-bonding interactions may significantly perturb the
topology of water molecules at least several solvation shells beyond the protein.

We also identified two peptide N-H stretching bands with an opposite phase at
3,247 and 3,270 cm™! (Figure 2.2a), consistent with a prior report,'? and two peptide N-D
stretching bands with an opposite phase at 2,391 and 2,445 cm™! (Figure 2.2¢). To explain

the opposite phases of the two N-H stretching bands, Hu et al.!?

proposed that adjacent
backbone nitrogen atoms along the B-strand are chiral centers with opposite handedness
(i.e., pro-S and pro-R). This proposal would require a substantial sp3-hybridized character
of the nitrogen atoms. Researchers in the broader fields of structural biology and

computational biology have long considered peptide bonds to be in planar configuration

4042 In a survey of ultra-high-resolution (1 A or better) protein structures, larger deviations
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from planarity (>20°) were observed in only 0.5% of residues.** However, small deviations
(£6.3°) of the amide bond from planarity are more common.*>* Determining whether such
small, dynamic deviations from planarity can confine the nitrogen atoms into pro-S and
pro-R chiral centers requires further investigation.

The two N-H (or N-D) stretching bands at different frequencies (Av = ~23 cm™')
likely arise due to backbone amines that experience distinct chemical environments in the
antiparallel B-sheet. For instance, the hydrophobic leucine and hydrophilic lysine side
chains are oriented toward opposite sides of the B-sheet, and the pleated antiparallel B-sheet
backbone (Figure A2.4a) constrains the orientation of the backbone amine groups. Indeed,
the orientations of backbone amines relative to the plane of the B-sheet alternate up/down
across adjacent residues (Figures A2.4b and A2.4c¢). The leucine or lysine backbone amines
could give chiral SFG responses at different frequencies because of orientational
differences that lead to changes in hydrogen bonding or proximity to the hydrophobic or
hydrophilic sidechains. Alternatively, hydrogen bonding of amine groups is likely different
in the interior and exterior of B-sheet domains.** The interior N-H groups form hydrogen
bonds with the C=0O groups of the peptide backbone in the neighboring -strands, while
the exterior N-H groups at the edge of the $-sheet form hydrogen bonds with water solvent.
The interior N-H groups presumably form stronger hydrogen bonds (C=O---H-N) at lower
stretching frequencies, and the exterior N-H groups form weaker hydrogen bonds
(H20---H-N) at higher stretching frequencies.*>#’

Finally, as the chirality of water superstructures is dictated by the chirality of the
protein, there is room for speculation about the role chiral water architectures might have

played in the origins of homochirality in the biological world.*® With few exceptions,*-!
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native proteins are made of (L-) amino acids, and DNA and RNA are composed of (D-)
nucleotides. The origins of enantiomeric enrichment evolving from a prebiotic state
remains a matter of fascination and controversy. One proposal is that physical or chemical
processes (e.g., autocatalytic Soai reactions) that establish an energy difference between
chiral enantiomers on the order of 1077 kJ/mol could introduce a bias toward

homochirality.>237

Another proposal notes that the incorporation of achiral solvent
molecules (such as chloroform and fumaric acid) in a racemic crystal of amino acids lowers
the crystal’s solubility; when the crystal is grown from a solution of small enantiomeric
excess, this leads to significant chiral enrichment in the solution phase.*® > One might
plausibly extend this concept from achiral organic solvents to water itself. Here, we show
that the description of chirality of biomacromolecules is incomplete without accounting for
the water solvent. The presence of a chiral hydration shell around chiral biomolecules is

potentially one of the missing links in the search for the molecular origins of biological

homochirality.

Conclusions

Chiral vibrational SFG spectroscopy revealed that achiral water solvent can form a
chiral hydration shell around a chiral biomacromolecular solute.>* In this work, phase-
sensitive chiral SFG reveals that the phase of such chiroptical response is inverted with the
absolute handedness of the chiral biomacromolecule. The MD and hydrogen-bonding
analyses show that the intrinsic macroscopic chirality of a protein can impact the
surrounding water structure. Analysis of the MD trajectories reveals a chiral water topology

around the antiparallel B-sheet in terms of the water orientations and hydrogen-bonding
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interactions. These experimental and computational results suggest that chiral
macromolecules can imprint their intrinsic chirality onto surrounding water solvent
molecules and organize them into chiral supermolecular structures. A chiral hydration shell
wrapping around a biomacromolecule is expected to change not only the structural and
dynamical properties of the biomacromolecule but also chiral selectivity toward
biomolecular interactions.

The two water O-H stretching bands and two peptide N-H stretching bands contain
information about vibrational structures and hydrogen-bonding interactions of the chiral
water assembly around the LK5f antiparallel B-sheet. These vibrational resonances can be
used as molecular probes for future ultrafast dynamic studies of vibrational energy
exchange between water solvent and protein. The phase, peak position, and line shape of
the four vibrational bands under various solvent conditions (H20, D,0, H>'30, and D,!80)
will serve as quantitative benchmarks in building computational models for elucidating
detailed structures and interactions in the water chiral superstructures around the B-sheet.
Heterodyne phase-sensitive chiral SFG in conjunction with computational studies
constitutes a powerful approach for studying the molecular details of structures and
dynamics of biomacromolecular hydration. This study has established a molecular picture:
Mirror-image biomacromolecules are enveloped in hydration shells with opposite chirality.
From here, researchers can start to question what roles water might have played in the

origins of homochirality in the biological world.
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Figure 2.1. Homodyne (top) and phase-resolved chiral (bottom) SFG spectra of chiral water superstructures
around LK5p antiparallel B-sheets (VSFG: vibrational sum frequency generation; a.u.: arbitrary units). (a)
The amide I/amide II spectral region of (L-) LK7f (gray and red) and (D-) LK7f (blue) prepared in H20. (b)
The O-H/N-H spectral region of LK7f prepared in H20. (¢) The O-D/N-D spectral region of LK7f prepared
in D20. All spectra were collected with the chiral psp polarization.
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Figure 2.2. The phase-resolved chiral SFG spectra of chiral water superstructures around (L-) LK7f. (Left)
O-H/N-H spectral region of (L-) LK+ prepared in (a) H20 and (b) H2'*0. (Right) O-D/N-D spectral region
of (L-) LK7B prepared in (c) D20 and (d) D2'#0. The spectra are fit to equation 2 (Methods). The
component peaks based on the fitting parameters are shown in gray, and the sum of these peaks are shown
as red or black solid lines. The labels of vibrational modes correspond to the numbering in Table 2.1. All

spectra were collected with the chiral psp polarization.
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(Figure 2.2a)

(Figure 2.2b)

Parameter (L-) LK7B-H:0 (L-) LK7B-H,"0 Assignments
o1 (cm) 3157+ 1 3146 + 3 O-H
Al (au) -10.1£0.5 5.1+1.3 (H0)
[y (cm™) 50.7+ 1.8 50.9+9.6 :
®2 (em™) 324742 3247+6 N-H
Az (au) 27.1+1.7 22.7+13.5 LK
I, (cmr) 38.64 0.9 445455 (L-LKsB)
o3 (cm!) 3270+ 1 3274 +3 NH
As(aw) 54,0+ 1.6 47.6+12.9 LK
I (cm™) 49.7+0.7 49.0+ 1.2 (L-LK7B)
o4 (cm!) 3359 + 1 3346 +2 O-H
As(au) 0.8+0.2 0.6 +0.2 (:0)
T4 (cm™) 9.5+£2.4 14.7+4.4 ?
(Figure 2.2¢) (Figure 2.2d) .
Parameter (L-) LK7B-D:0 (L-) LK+B-D1!%0 Assignments
o1 (cm™) 234242 2331+4 0D
Al (au) 9.0+3.4 8.0+22 (D:0)
[y (cm™) 39.5+3.4 457+4.7 ?
®2 (cm!) 2391 £ 1 2396 + 1 ND
Az (au) -182+3.1 26.0+4.5 LK
I, (em) 36.8+3.6 44.1+45 (L-LK7B)
o3 (cm™) 2445 + 10 2440 + 1 ND
As(aw) 13.4+5.6 12.7+1.9 LK
T3 (em™) 31.8+3.5 234+16 (L-LK7B)
o4 (cm!) 2499+ 6 2488 + 3 oD
As(au) 242+5.7 275+ 1.7 (D:0)
s (cmY) 555+ 1.7 66.8 + 2.0 ?

Table 2.1. Fitting parameters and assignments for the spectra in Figure 2.2.
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Figure 2.3. The phase-resolved chiral SFG spectra of chiral water superstructures around (D-) LK. (Left)
O-H/N-H spectral region of (D-) LK prepared in (a) H20 and (b) H2'*0. (Right) The O-D/N-D spectral
region of (D-) LK7f prepared in (¢) D20 and (d) D2'80. The component peaks based on the fitting
parameters are shown in gray, and the sum of these peaks are shown as blue or green solid lines. The labels
of vibrational modes correspond to the numbering in Table 2.2. All spectra were collected with the chiral

psp polarization.
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Figure 2.3a Figure 2. .

Parameter (I()-)gLK7 B-Hz)O (D(-) 1%111(5[3-}?;3)8 o Assignments
o1 (cm™) 3161 £4 3150+ 5 O-H

Al (a.u.) 16.0 + 3.6 15.0£2.0 (H:0)
[ (cm™) 71.3+2.3 82.7+6.2

®> (cm™) 3240 + 6 3240 + 1 N.H

Az (au) 69.1 £3.5 28.0£2.4 (D-LK:p)
[ (cm™) 462+ 1.1 39.6+ 1.7 7
®3 (cm™) 3260 + 6 3269 + 1 N.H

As(au.) -102.9£2.9 -59.1+1.4 (D-LK:p)
I3 (cm™) 60.0 + 1.7 53.7+1.3 7
w4 (cm™) 3360 + 4 3345+ 1 o
As(aun) 4.6+1.2 -1.6+ 0.4 (ILO)
4 (cm™) 35.0+4.6 19.0+3.2

Figure 2.3¢ Figure 2. .

Parameter (I()-)gLK7 B-Dz)O (D(-) 1%111(5[3-];:11)8 o Assignments
o1 (cm™) 2346 + 0* 2331 + 0% 0.D
Al (a.u.) 1.0+ 0% 1.0 + 0% (D>0)
[ (cm™) 62.0 + 0* 62.0 + 0%

®> (cm™) 2401 + 4 2400 + 2 N.D
Az (au) 61.9+3.8 572422 (D-LK:p)
[ (cm™) 85.3+1.2 74.4 £ 0.9 7
®3 (cm™) 2442 + 1 2437 + 4 N.D
As(au.) 28.5+23 227423 (D-LK:p)
I3 (cm™) 32.5+1.2 282+1.2 !
o4 (cm'!) 2497 £ 4 2487 + 1 0.D
As(aun) -36.4+4.4 422+18 (D:0)
T4 (cm™) 56.7+ 1.4 62.8+1.5

Table 2.2. Fitting parameters and assignments for the spectra in Figure 2.3. *Parameter fixed during fitting.
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Figure 2.4. Hydrogen-bond and water structure analyses of the (L-) LK7 homopentamer at the vacuum—
water interface obtained from 1 ps of MD sampling using the AMBER ff14SB force field for the protein and
the TIP4P-Ew water potential. (a, left) LK backbone atoms show the asymmetry of the N-H and C = O
groups on opposite sides of the B-sheet. (a, right) The average number of hydrogen-bonding interactions
between the protein and water molecules depicted by residue. (b) The average z-components of water dipole
moment vectors extending below the protein surface (top) and from side to side (bottom) with a grid
resolution of 1 A. (c) The infrared response of O-H stretch of water within 3 A of the peptide backbone for
every residue. The IR response was calculated for water molecules where the average z-component of the
dipole was oriented either up (black) or down (red) relative to the vacuum—water interface.
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Figure 2.5. The simulated ch1ra1 phase-resolved SFG response from the O-H stretch of water surrounding
LK7B. (A) The psp response of water surrounding (L-) LK (black) and its enantiomer, (D-) LK7p (red),
showing the effect of chirality on the response phase. (B) The psp response of consecutive layers of water
starting at the air—vacuum interface, again showing the effect of protein chirality on the water SFG response.
The chiral signal persists at least as far into the water as the lysine residues, and possibly beyond. The SFG
response was calculated from 10,000,000 configurations obtained from 100 ns of MD sampling. The green
spheres correspond to chloride ions.
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Appendix to Chapter 2

Supplementary Computational Methods

System preparation

A single LK7p strand with an N-terminal acetyl group and a C-terminal amide (-
NHb») was generated using UCSF Chimera. VMD was used to repeatedly copy and translate
the strand to generate a five-strand antiparallel B-sheet, with the strands roughly 3.8 A
apart. The 3-sheet was aligned in the xy plane with all leucine residues pointing in the +z
direction. This system was solvated with TIP4P-Ew water molecules.! Subsequently, water
molecules with a z-coordinate greater than zero were removed to create a vacuum-water
interface with leucine residues pointed into the vacuum and lysine residues pointed into
the solvent. Then Cl™ ions were added to the water to neutralize the system. For all
simulations, the protein and ions were modelled with the AMBER ff14sb force field.> A
large box was used with at least ~50 A of solvent on each side of the protein (a
125x125%125 A box, half filled, half vacuum) to minimize edge artifacts in the grid-based

calculations of water orientation.

Equilibration and Production Molecular Dynamics

The protein was restrained with force constants of 200 kcal/mol ¢ A2, and the
solvent and ions were energy-minimized and then equilibrated for 500 ps in an NVT
ensemble at 300 K. Next, the energy of the entire system was minimized. Then the system

was gradually heated from 0 K to 298 K in seven cycles, where each cycle contained 10 ps
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of temperature ramping and 50 ps of constant temperature MD in an NVT ensemble. The
system was then equilibrated in an NVT ensemble for 6 ns at 298 K. AIl NVT equilibration
steps used a Langevin integrator with a friction coefficient of 1 ps’!. Long-range
electrostatics were treated with a particle-mesh Ewald approach, and Lennard-Jones
interactions were cut off at 14 A. The water molecule geometry was kept rigid with the
SETTLE algorithm,? and the protein covalent bonds involving hydrogen were constrained
with the SHAKE algorithm.* A 1 fs time step was used for the MD. These same methods
and parameters were used for all production runs. NPT equilibration was not performed as
it would have severely disrupted the vacuum-water interface and the structure of the

amphiphilic B-sheet.

Trajectory Analysis — Hydrogen Bonding

The HydrogenBondAnalysis tool in the MDAnalysis library™ © was used to identify
all hydrogen bonds involving the LK7B backbone. Hydrogen-bonding interactions were
defined to have a donor-acceptor distance of less than 3.2 A and a donor-hydrogen-acceptor
bond angle greater than 135°. The average number of hydrogen bonds between the protein

backbone and water was determined for each residue.

Trajectory Analysis —Water Orientation

For each configuration, the protein was centered in the unit cell, and then the
simulation box was translated and rotated in a way that minimized the root-mean-square
deviation of the protein with the initial protein structure serving as the reference. For each

configuration, the volume around the protein (30 A each way) was divided into a three-
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dimensional grid with a resolution of 1 A. The water dipole moment vector and the number
of water molecules, as defined by the oxygen position, at each grid point were averaged
over all configurations sampled. The grid points with the average number of water
molecules below 10% of the median were removed from the analysis. The results were
plotted along with an average LKB structure using UCSF Chimera’s BILD drawing
language. The images were rendered with POV-Ray 3.6. All analysis code was written in

Python using the MDAnalysis, MDTraj, Numba, Matplotlib, and Pandas libraries.>!°

Average Infrared Response Frequency
IR spectra were calculated by adapting a semiclassical electric field mapping
method developed by Skinner and coworkers.!!> 12 In this approach, IR spectra are derived

from a modified Fourier transform of a dipole autocorrelation function:

NOH
Ny, Z‘ukaba
b
Zl(r;zk) = 2 ; )
“ A -w——
¢ 2T

Here £ is the spatial dimension (x, y, or z, which are all equivalent for IR), the indices a and
b denote a particular O-H bond, and A, and Uk, and are the eigenvalues and elements of

the eigenvectors, respectively, of the coupling matrix, which is defined as:

wstretch(E) = ]
Qif = a)imramolecular (E) = J = 1’ ] cven or ] —i= 19 i even (4)
0 otherwise
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Each O-H group’s vibrational transition dipole derivative (u”, defined along the OH
stretch), bond stretch associated with vibrational excitation (Ax), vibrational stretch
frequency (@stretch), and intramolecular coupling ( @intramolecular) Were obtained from the local
electric field at each hydrogen atom via empirical maps developed by the Skinner group
for TIP4P water.!® These maps link these quantities to the component of the electric field
along the O-H bond at each hydrogen atom. The dipole derivative, bond length stretch, and

bond unit vector 7z were used to approximate the dipole vector for each O-H bond:

p=p(E)Ax,, (E)u 5)
Point charges up to 7.831 A from each O-H hydrogen were included in the electric field
calculation, but the current molecule itself was not included.!? The decay constant 7 was
set to 1.3 ps to approximate the lifetime broadening of the O-H stretch. In the expression
for the susceptibility given in equation 1, the angular brackets indicate averaging over
conformations, and the dipole vectors for the O-H bonds as well as the coupling matrix
depend on the conformation.
To obtain the IR response of water molecules close to a particular residue and with
a certain orientation, the appropriate molecules were selected using a combination of the
MDAnalysis selection language and additional code.> ¢ These molecules formed the
coupling matrix €, and only these molecules’ dipoles were calculated for a given frame.
The rest of the system, whether protein, water, or ions, was treated as a set of point charges
contributing to the local electric field. All water molecules in the selection also contributed
to the local field, except the molecule at which the field was evaluated. The IR responses
calculated from 100,000 configurations obtained from 1 ps of total MD sampling were

averaged to obtain the final IR spectra with a frequency resolution of 1 cm'!. The mean IR

65



response frequency was determined by a simple average of the frequency weighted by peak

height.

Chiral Sum Frequency Generation Response

Components of the SFG response tensor were also calculated with a similar method

)'11-13

as for the IR spectra (previous section Components of the second-order response

tensor were calculated using:

N()H

Noy

Ny ;ab(ij)Uba zbﬂub(k)Uba
(2) _

Z,‘jk (0)) -~ Z ;

a A -—w——
“ 2T

(6)

where « is the polarizability tensor, 7, j, and k are spatial dimensions, and all other quantities
are as defined in the previous section (equation 3). The polarizability for each O-H bond
in all water molecules was treated as an uncoupled response. The polarizability was

adjusted based on the OH bonds’ orientations using:
’ ’ ’ oA A
o, = Ax,, (o, —or YNuu)+o (i+ ) (7)
where u; and u; are the i and /" components of the bond unit vector and ; and J are unit
vectors representing the x, y, or z direction. Ax_, is the change in bond length due to
vibrational excitation and is obtained from electric field mappings. Ocﬁ is the transition
polarizability derivative parallel to the O-H stretch, while o is the perpendicular

polarizability derivative. The Otﬁ and o quantities are assumed to be independent of the
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field E, and the ratio Oca/ o/ is assumed to be 5.6.'* Frequencies and intramolecular

couplings were obtained as above, while intermolecular couplings were calculated using a

transition dipole coupling approximation'?:

B, ) =3, 7, )@, )
3

r.
y

®, = AxAx, (8)

Here 7 is an O-H bond unit vector and 7 is the unit vector in the direction between the
two OH groups. The effective location of the O-H dipole is defined as 0.67 A along the
OH bond toward the H.!?

Intermolecular couplings were not included in the calculations on subsets of the
solution (Figure 2.5b) because the precise set of water molecules in the selection changed
for every frame, and only water molecules in the selection can be part of the coupling
matrix (equation 2). In any case, intermolecular couplings have a very minor effect on the
spectra. For reference, the typical O-H frequency is around 3400 cm, the typical
intramolecular couplings have magnitudes of around 10 cm’, and the typical
intermolecular couplings are around 1 cm™.

The MDAnalysis library was used to select subsets of the system. Water molecules
not part of a selection still contributed to the electric field experienced by the selected

waters (see the section Average Infrared Response Frequency).

Chiral (psp) Signal from an MD Trajectory
The theoretical foundation of chiral SFG assumes that systems are isotropic upon

rotation about the z-axis,'* but even quite long simulations may not reach this limit. The
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Skinner group introduced an elegant approach for addressing this issue with a rotating
reference frame.'

The observed SFG response is a sum of multiple response tensor elements':

(2) _
Ze]f -

3
i=1

33
~ @ _ra ~

Zz(uiLii) ¢ xijk ¢ (ijjj )(Wkka) (9)

Jj=1 k=1

where 77, v, and b are unit vectors describing the orientation of the input and output

beams, and the components L; are Fresnel factors. Assuming the input beams move from

right to left, for a psp setup:

u=[ —cos(8) 0 sin(@) ]
[0 1 O] (10)
[ cos(8) 0 sin(@) ]

v

w
and:

12 =-L L cos*(0)y?

eff xx Ty xpx

—L L _L_cos(6)sin(6)y )(jz)

+L, L, L_cos(6)sin(6)y ijx)
L L sin*(0)1)

(I

Eliminating terms equal to zero due to surface rotational symmetry!'# and transforming
from an imaginary rotating lab frame to the simulation box frame leads to the following

expression'>:

1 .
~L L L (—x2)+ 2 =32+ x2)cos(0)sin(0)  (12)

(2) _
Zpszﬂ o 2
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If the OH polarizability tensor is assumed to be symmetric, which is a reasonable

(2)

yxz

approximation given the cylindrical bond symmetry, then ;(ijz) =y . In this case, the

expression simplifies to:

(2) (2) (2)
Xpsp o Zzyx o szy (13)

This approach removes the effects of xy-plane anisotropy in the simulation to give the

correct chiral SFG signal.

Assumptions of the Computational Model

In applying the MD results to help interpret the experimental observations, we
assume that the LK5[ structure and the water structure are similar at the air-water interface
and on glass or quartz surfaces. This assumption is supported by the experimental results
that homodyne chiral SFG spectra obtained at the air-water interface previously!” and on a
glass surface in the current study (Figure 2.1, top) are comparable in the amide I, O-H/N-
H stretching, and O-D/N-D stretching regions. In addition, the assumption also aligns with
the simulated chiral SFG spectra. The simulated spectra show that only a few layers of
water molecules can account for the chiral SFG response and these few layers of water

molecules are likely present in the hydrated samples on quartz surfaces.
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Theoretical Background of Phase-Resolved Chiral Sum Frequency

Generation

In the chiral SFG measurements,'® infrared and visible beams at
frequencies, wr and w5, were overlapped in space and time to generate a sum frequency
optical response at wr + @vis = wsrc. The chiral spectra were obtained using the psp
configuration (p-polarized sum frequency, s-polarized visible, p-polarized IR). For the psp
polarization combination, the right-handed a-quartz surface gives maximum non-resonant
intensity along the +y (¢ = 90°) and -y axes (¢ + 180° = 270°). The +y and -y axes were
established relative to the right-handed o-quartz crystal +x axis (¢ = 0°) and the laboratory
frame (Figure A2.1), following definitions in the literature,!® and were experimentally
determined here using an adsorbed layer of POPC lipid (see Methods in Chapter 2).

Under the dipole approximation, the chiral SFG signal is described by the twenty-
seven element (3 x 3 x 3) second-order susceptibility tensor y®. In the phase-resolved
chiral SFG measurement of a hydrated thin-film of the antiparallel B-sheet LK7p (Figure

2.1, bottom), signal intensity is proportional to the square modulus of y?:

) 2 (2) (2) (2) P2
]SFG °<:| Z | +2unartz .ZLK7/3,Im+ ‘ZLK7ﬁ | (14)

where Isr¢ is the intensity of the phase-resolved chiral SFG measurement, )(C(Ii)artz is the

non-resonant optical response of the quartz surface, and )(3()7 g is the resonant optical

@

quartz 18 real because it is off-resonance, whereas

response of the adsorbed B-sheet. The y

the resonant optical response of the sample )((2) has both real and imaginary components.
p Ple X1 k7p ginary comp

) —

quartz,pp —

Moreover, due to the symmetry of the right-handed a-quartz crystal, y,
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- Xc(ii)artz o+180>- 1he SFG intensity of LK7B on quartz (measured at @ and ¢ + 180°) is

normalized by the non-resonant intensity of the clean quartz crystal (see Experimental

2
Methods) measured at ¢ = 90°, )(C(Ii)artz 0
Frsls | Xiios
A (2) LK78
I(p | ) |2 1+2-Im[;{LK7ﬁ]+| B |2 (15)
Z quartz quartz
and,
| Koo I Forom
[ Aprigoe | (2) I Awk7p !
I¢+180° =T -2 =1-2. Im[%LKUf] % =2 (16)
|unartz | | quartz |

Thus, we measured I,—qpe and Iy, 41g0°=270c in the psp polarization configuration and

obtained the phase-sensitive chiral SFG optical response:

I =1 ..
Im[x§?7ﬁ]= % (17)
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Laboratory
+y Frame +z +Y

+X
Quartz Quartz
Frame Frame
(¢ =90°) q (p +180° =
270°)

rotate quartz
+180°

Figure A2.1. Quartz frame relative to laboratory frame. For phase-resolved chiral SFG measurements using
the psp configuration, sample measurements are acquired at the ¢ = 90° and ¢ + 180° = 270° configurations.
The SFG signal propagates from the quartz surface in the +X/Z laboratory frame for our measurements. Figure
adapted based on Hu, ef al.?°
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Figure A2.2. Residual analyses of fitting phase-resolved chiral SFG spectra with three peaks. (a) O-H/N-H
spectral region of (L-) LK7f prepared in H20. (b) O-D/N-D spectral region of (L-) LK} prepared in D20.
The spectra are fit to equation 2 (Methods in Chapter 2). Both fittings fail to accurately capture features
towards redder frequencies (see also Figure A2.3).
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Figure A2.3. High resolution phase-resolved chiral SFG in O-H/N-H spectral region of (L-) = (a) and (D-)

LK7B (b) prepared in H20. A SFG setup with picosecond pulsed lasers was used,?! in contrast to the
femtosecond system?? used for the results presented in Chapter 4.
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Figure A2.3a) (Figure A2.3b) .

Parameter ELE LK+B-H,0 (D-% LK+B-H,0 Assignments

o1 (cm™) 3152 +£2 3161 £1 O-H

Ar (a.u.) -193+13 224+0.9 (H:0)

I (em™) 76.1+£2.9 61.7+2.1

2 (cm™) 3251+2 3252+1 N.H

Az(a.u.) -39.7+1.8 432+2.0 (L-LK-B)

I (em™) 203+24 28.7+£0.4

3 (cm™) 3270+ 3 3272+ 1 N.H

Az (a.u.) 79.0+2.1 -71.7+£2.3 (L-LK7B)

I3 (cm™) 36.6 £1.7 32.8+0.6

o4 (cm™) 3336 £2 33302 O-H

Aq(a.u) 17.0+2.2 -51.7+£3.1 (H:0)

Iy (cm™) 449+22 67.1+1.5
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Table A2.1. Fitting parameters and assignments for the spectra in Figure A2.3.
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Figure A2.4. Molecular dynamics of (L-) LK7p show (a) leucine (green) and lysine (orange) sidechains align
on opposite sides of the antiparallel 3-sheet. The characteristic pleated structure of the backbone is apparent.
(b) The up/down orientations of backbone N-H groups (nitrogen atoms in blue and hydrogen atoms in black)
alternate across adjacent residues. (c) Orientation of vectors parallel to backbone N-H bonds of residues.

Angles are relative to plane of protein backbone, averaged over 100,000 configurations from 1 ps of MD
sampling, with error bars in red. Dashed lines are guides for the eye.
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Figure A2.5. Orientation of vectors parallel to backbone C=O bonds of residues in (L-) LK7 homopentamer
backbone. Angles relative to plane of vacuum-water interface, averaged over 100,000 configurations from 1
ps of MD sampling, with error bars in red. A positively-valued angle indicates that the bond points toward
the vacuum phase, whereas a negatively-valued angle indicates that the bond points toward the water phase.
Solid black lines are guides for the eye: the pleating of the -sheet backbone is readily apparent.
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Figure A2.6. Average z-components of water dipole moment vectors for a box of pure water (a slice is
shown), as obtained from 1 pus of MD sampling with the TIP4P-Ew water potential using a grid resolution of
1 A. The orientation of water near the vacuum-water interface becomes isotropic ~5 A below the interface.
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Figure A2.7. Average z-components of water dipole moment vectors around the (L-) LK73 homopentamer
obtained from 1 ps of MD sampling using AMBER {f14SB for the protein and the TIP4P-Ew water potential.
The slices shown extend along the y-dimension, perpendicular to the -strand axis.
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Figure A2.8. Average z-components of water dipole moment vectors around the (L-) LK73 homopentamer
obtained from 60 ns of MD sampling using AMBER {f14SB for the protein and the SPC/E water potential.
The slices shown extend along the z-dimension, which runs perpendicular to the interface. These calculations
illustrate that the same qualitative behavior is reproduced for two different water potentials.
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Figure A2.9. Infrared response of the O-H stretching mode of water within 3 A of the backbone of strands
2, 3, and 4 (for numbering of strands, see Figure 2.4a in Chapter 2). The IR frequency was calculated for
water molecules with the average z-component of the dipole moment oriented either up (black) or down
(green) relative to the vacuum-water interface.
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Figure A2.10. Average z-components of water dipole moment vectors around the (L-) LK73 homopentamer
obtained from 1 ps of MD sampling using AMBER ff14SB for the protein and the TIP4P-Ew water potential.

The slices at four edges of the B-sheet are 10 A from the center of the B-sheet in both directions, parallel and
perpendicular to the B-sheet axis.
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Abstract

Chiral vibrational sum frequency generation (SFG) spectroscopy probes the structure of
the solvation shell around chiral macromolecules. The dominant theoretical framework for
understanding the origin of chiral SFG signals is based on analysis of molecular symmetry,
which assumes no interaction between molecules. However, water contains strong
intermolecular interactions that significantly affect its properties. Here, the role of
intermolecular vibrational coupling in the chiral SFG response of the O-H stretch of water
surrounding an antiparallel B-sheet at the vacuum-water interface is investigated. Both
intramolecular and intermolecular coupling between O-H groups is required to simulate a
chiral SFG signal. This dependence is also observed for a chiral water dimer, illustrating
that this phenomenon is not specific to larger systems. We also find that a dimer of Csy
molecules predicted to be chiral SFG inactive by the symmetry-based theory can generate
a chiral SFG signal when intermolecular couplings are considered, suggesting that even
highly symmetric solvent molecules may produce chiral SFG signals when interacting with
a chiral solute. The consideration of intermolecular couplings extends the prevailing theory
of the chiral SFG response to structures larger than individual molecules and provides

guidelines for future modeling.
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Introduction

Biological processes occur in aqueous solution or at an interface involving water,
and this water does not always behave as a passive medium. In particular, water molecules
can bind to biomacromolecules and modulate their structure and function. These water
molecules can interact with a solute tightly enough to adopt large-scale structure, but
loosely enough to form a structural ensemble and exchange rapidly with bulk solvent. A
complete understanding of the behavior of biomacromolecules requires a thorough
description of these water molecules. Chiral vibrational sum frequency generation (SFQG)
spectroscopy is an emergent technique to probe the solvation shell of
biomacromolecules.**> As a second-order nonlinear chirality-sensitive technique, chiral
SFG can suppress background signal from water at non-centrosymmetric interfacial
environments and isotropic bulk water. Thus, it can selectively detect solvent molecules
forming chiral supramolecular structures around chiral macromolecules, such as DNA and
protein.?® 2* Vibrational spectroscopy can resolve subpopulations exchanging on the
picosecond timescale and does not require molecular labels that perturb chemical
structures. Importantly, chiral SFG can detect chiral solvent structure induced by
interactions with biomacromolecules even if the individual solvent molecules in that
structure exchange rapidly.?3 24 26,27

The last two decades have seen extensive applications of chiral SFG to biological
systems.!'® 2829 Tn 2003, a chiral SFG spectrum of the amide I response of a protein at the
air-water interface was published.?® Our group extended the application to probe various
protein secondary structures using the amide I, C-H, and N-H stretch modes.'®3%3! Achiral

spectra of DNA in the O-D and C-H stretch regions showed that SFG can detect the effects
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of solvation in D,0.3? Chiral SFG spectra of the C-H stretch in DNA were reported.>® 3*
Others have applied femtosecond time-resolved SFG to monitor the relaxation of the amide
I vibrational mode in the presence of water solvent.*> Reports of the chiral SFG response
of water surrounding DNA and antiparallel B-sheet protein demonstrated that even highly
dynamic solvation structures of a biological system can be probed with SFG.?* 242731 We
recently used the internal heterodyne phase-sensitive chiral SFG method*® and observed
that the phase of the water O-H stretching bands is correlated with the absolute handedness
of (L-) and (D-) proteins, further establishing the method for probing hydration structures
of biomacromolecules.?’- 3!

Simpson’s chiral SFG theory!* has served as a foundation for predicting and
interpreting chiral SFG studies of interfaces. This theory takes intramolecular couplings
into account by considering molecular units larger than single bonds when assigning the
symmetry of vibrational modes.'* Because this symmetry-based theory has been derived
and applied mainly for chiral macromolecules (e.g., various protein secondary structures),
intermolecular coupling is not relevant and thus not considered. However, the hydrogen-
bonding interactions between water molecules are paramount. Thus, the recent reports of

23, 24,27 call for

chiral SFG signals from water solvent surrounding biomacromolecules
examination of intermolecular couplings.

In this paper, we examine the impact of intermolecular coupling as well as
intramolecular coupling on chiral SFG signals'* using an electric field mapping method.!'*
3738 We show that intramolecular or intermolecular vibrational coupling is necessary to

produce nonzero chiral SFG signals in the simulation and that the signal intensity

contributed by these two couplings are comparable. In contrast, neither of these couplings
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is needed to generate an achiral SFG response, and the achiral SFG response is only mildly
affected when such couplings are included. We demonstrate these effects using the
antiparallel B-sheet system formed by the LK7 (LKLKLKL) peptide at the vacuum-water
interface (Figure 3.1).%° To examine the fundamental origin of the coupling effect, we also
study a small model system composed of a dimer of water frozen in a chiral configuration.
We find that couplings are necessary to observe a chiral SFG signal in this minimal system
as well. Similarly, we examine a dimer of ammonia with C3y symmetry in contrast to the
Cyv symmetry of water to further illustrate the interplay of molecular symmetry and
vibrational couplings for generating chiral SFG responses. Finally, we examine a dimer of
methane to show that the trends seen with the ammonia system translate to other highly
symmetric point groups. We discuss our results in the context of Simpson’s symmetry-
based theory.!'

This study will be helpful to experimentalists considering SFG spectra of
isotopically labeled water molecules in biological systems (e.g., HOD largely lacks
intramolecular coupling but still has intermolecular coupling) and solvent systems other
than water for chiral polymers and macromolecules. The results will also guide theorists in
proposing approximations to the dipole-polarizability time correlation function
formalism*® for calculating SFG responses. In particular, although couplings can be
omitted to save computational time for calculating achiral SFG spectra, they must be
included to model chiral SFG responses.*! We recognize that couplings have not always
been reported to be essential for a chiral SFG signal,!> and we address this discrepancy in

the Discussion.
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Symmetry-based chiral SFG theory

We interpret the simulated SFG spectra of water in this study based on Simpson’s
symmetry-based chiral SFG theory.!* Herein, (x, y, z) will represent the lab frame
coordinates, and (a, b, c) will represent the molecular frame coordinates. The indices 7, J,
and K will be used to indicate x, y, or z, whereas the indices 7, j, and k£ will be used to
indicate a, b, or c.

Chiral SFG signals can be generated from a chiral interface, which is defined as a
molecular system with C, symmetry with the rotational axis aligned with the surface
normal. Within the electric dipole approximation, SFG signals arise from the second-order
nonlinear response of materials

P=P,+ " E +y?EE, +... )
where P is the material’s polarization, Ei and E: are incident electric fields, and 4™ is the

n-order susceptibility tensor.*> In vibrational SFG, one beam is in the mid-infrared (IR)

range and the other is in the visible range but typically far off electronic resonance.*** The

@) i (2) i
2! tensor contains 27 elements y;7) asin

Egg < Y X Bl Ep 2)
JK

where E/, ., E/

vis ?

and E;, are the optical fields of the SFG, visible, and IR beams,

respectively, with the indices /, J, and K specifying the components of these optical fields
along a Cartesian direction (x, y, or z) in the lab reference frame (Figure 3.2). Manipulating

the polarization of the IR and visible beams and the detector of the SFG signal isolates

different elements of the y® tensor. Among the 27 elements, those with all three indices
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that are different (/%/#K) are called orthogonal. Orthogonal y®elements for a uniaxial

assembly can be nonzero only for a chiral interface.

To perform a chiral SFG experiment, the psp polarization setup can be used
(Figure 3.2), where s polarization is taken to lie along the y-axis, and p polarization lies
along x and z on the plane of incidence. Figure 3.2 shows that the effective second-order

susceptibility, 12, depends only on 12 22 22, and y®. The first two elements vanish

due to isotropy in the xy plane, as is found at a non-centrosymmetric interface.!* The last

two elements are orthogonal and r?=0 under the condition of electronic nonresonance

due to the symmetric polarizability tensor.'®!* Hence, the experimentally measurable chiral
@ i @
SFG response, 4%, is only related to 22

(2) (2) (2) — ,,(2)
Zpsp oc Zzyx T Axz T Zzyx (3)

In the symmetry-based theory, the system of interest has C. symmetry. Although this is
true for many experimental systems, it is not true for molecular dynamics (MD) trajectories

with limited sampling. To avoid this issue, the 22 term in equation 3 is kept in our

calculations for extracting chiral SFG signal from MD trajectories (see equations 9-10 and
4 in the Appendix). The current study assumes a psp setup, but the methods and results are
directly applicable to the other two polarization setups (spp and pps) for chiral SFG
experiments.

The macroscopic chiral SFG response, 7%, is the ensemble average of microscopic

responses given by molecular hyperpolarizabilities ( 3).* The hyperpolarizability arises

from the transition dipole and polarizability derivatives as in
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where @ is the transition polarizability matrix, [ is the transition dipole vector, and Q is

a normal mode coordinate. The ensemble average can be expressed as

20 o< D (R,WIR,(OIR,(9))B,, (5)

i,j.k
where R is an Euler rotation matrix, ¢, @, and Y are Euler rotation angles, (i, j, k)

represents the molecular frame, (7, J, K) represents the laboratory frame, and the brackets
indicate averaging over molecular orientations. Applying equation 5 and integrating over

all rotations in the xy-plane (¢ ) leads to

1
%i}zx) o< 5{(_ﬁcab + ﬁcba)cosz(e)

+COS(9) Sin(e)[(ﬁaab - ﬁaba + ﬁcbc - ﬂwb)COS(lI/)

+(_ﬁbab + bba + ﬁcac o ﬁcca)Sin(l//)] (6)
+sin*(0)((=B,,, + B,.,)cos’ (W)

_(ﬁaac - ﬁaca - ﬁhbc + ﬂbeh)COS(W)Sin(W) + ('Bbac - ﬁhm ) Sin2 (W)}

The c-axis points along the primary rotation axis of the molecule. Although all chiral

molecular B.. (i#j#k) elements are zero for water molecules with Coy symmetry, the achiral
Y

[ elements can combine to give rise to chiral y elements if the water molecules are
arranged in a chiral configuration at an interface. Eliminating all zero-valued 3 elements

in equation 6'* '° based on symmetry arguments results in the expression of the chiral @

element as

Zi}i: o iSinz (0) Sin(zl//)(ﬁaac - ﬁbbc + ﬁbcb - ﬁaca) (7)
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Therefore, chiral SFG can be sensitive to water when the water molecules adopt a chiral
supramolecular structure in the solvation shells of biomacromolecules (e.g., protein and
DNA) at interfaces. We are not the first to notice this. In fact, Simpson theorized the
appearance of chiral spectra from achiral chromophores with certain symmetries as early
as 2004,'* and in 2012 Zanni published a theory of chiral 2D-SFG signals arising from
pairs of achiral but coupled chromophores.*®

Derivation of Equation 7 from Equation 6 suggests that water is quite a unique
solvent with respect to generating the chiral SFG response. Its C2y symmetry is high enough

(with two reflection planes) to eliminate all microscopic chiral (orthogonal) 3 elements,
but low enough to preserve some achiral [ elements that can still contribute to the

macroscopic chiral ), as shown in equation 7. Hence, the symmetry-based theory

predicts that chiral supramolecular assemblies of water situated in an interfacial
environment with C,, symmetry are chiral SFG active. However, when the molecule
becomes just slightly more symmetric (such as Csy), the prediction can be drastically
different because the higher the symmetry, the more [ elements become zero. In
particular, all [ elements in equation 6 are zero or cancel out for a C3y molecular system.
Thus, the symmetry-based theory predicts that a C3y molecule (e.g., ammonia, NH3) cannot
generate chiral signals (e.g., N-H stretching in NH3) even when the molecules are
assembled into chiral supramolecular structures at an interface.!'* ' Below, we will discuss
how introducing intermolecular vibrational couplings can alter this prediction, leading to a

chiral SFG response in simulated spectra.
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Computational Methods

MD simulations

A starting structure of five antiparallel LK7 (LKLKLKL) strands (Figure 3.1A)
was placed into a box with at least 10 A of TIP4P-Ew water (a modification of the original
TIP4P model that is optimized for Ewald summation treatment of long-range
interactions)®® next to each of the four edges of the protein and above and below it.?” Half
of the water was removed and Cl™ ions were added to the aqueous half to neutralize the
system, creating a vacuum above the neutral solvated protein system.!> 2% 27 The protein
was placed at the interface with the lysine sidechains pointing into the water and the leucine
side chains facing the vacuum (Figure 3.1B) and was modeled with the AMBER {f14SB
force field.? The N-termini were acetylated, and the C-termini were amidated (-NH). The
energy of the system was minimized, followed by equilibration in an NVT (constant
number of particles, volume, and temperature) ensemble for 6 ns at 298 K. Langevin
dynamics was propagated with a friction coefficient of 1 ps™! and a timestep of 1 fs. Long-
range electrostatic interactions were treated with the particle-mesh Ewald method.*” Water
molecules were kept rigid with the SETTLE algorithm, and bonds involving protein
hydrogens were constrained with the SHAKE method.># Configurations were saved every
10 fs. For the calculation of achiral SFG spectra, trajectories were wrapped in the z-
direction to consolidate the slab into a single unit, and spectral calculations took periodic
boundary conditions in the x- and y- directions into account. Wrapping was not necessary
for chiral SFG calculations (see SI for explanation). The simulations were performed with
the OpenMM 7.4 library on a Tesla V100 GPU using CUDA 9.2.48 See the SI for full

equilibration details.
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SFG calculations of the aqueous protein system

The chiral SFG response was calculated using the dipole-polarizability time
correlation function approach with electric field mappings.!? 37> 38 49.49 Thig approach uses
empirical mappings between the electric field measured at the water hydrogens in the
direction along the O-H bond and quantities such as the dipole derivative, the vibrational
frequency, and the vibrational couplings. The inhomogeneous limit approximation was

used as in the expression

NOII NOH
5 Noy ZafJUhaZ‘ull;Uba
Ao(@)={ > 4= bl (®)
a=1 l
A —w——

2T

where o is the transition polarizability tensor of each O-H bond computed with a bond-

polarizability approach, W is the O-H stretch transition dipole moment, U is the

eigenvector matrix of the array of vibrational frequencies and couplings, A is the
corresponding set of eigenvalues of the Hamiltonian matrix, and T 1is the vibrational
lifetime, which is assumed to be 1.3 ps.>” 3% 3% The indices a and b refer to particular O-H
bonds, while the indices 7, J, and K each refer to the dimensions x, y, z making up a

component of .

In the inhomogeneous limit, the response is a simple average over conformations
with no explicit time dependence.’” This approach was used to maximize the number of
frames averaged during the procedure for an optimal signal-to-noise ratio. The
computationally less expensive alternative, the time-averaging approximation, correlates

the dipole and polarizability across a short time interval, with the frequencies and couplings

95



averaged over that interval. As shown in Figure A3.1, this approach did not significantly
change the spectrum other than increasing the noise.>” A fully time-dependent correlation-
function approach such as that introduced previously!® is not feasible for a system of this
size and a signal that requires long trajectories to converge.

The calculation of intermolecular couplings using this approach requires a dipole-
dipole distance. To find this distance, each O-H bond was assigned an effective dipole
location 0.67 A from the oxygen along the bond."? For achiral SFG, the contribution of the
bottom half of the system was suppressed with a sigmoidal damping function to avoid
contributions from a second surface opposite the surface containing the protein.!* The z-
component of the effective dipole location of each O-H bond was used to assign the bond’s
position along the z-axis for the damping function. No damping was necessary for chiral
SFG calculations because the protein stayed on the top surface.

The polarizability is assumed to be localized at each O-H bond, and the ratio of the
component of the polarizability derivative along the bond to the components perpendicular
to the bond is assumed to be constant.*”: 3! We use a ratio of 5.6, as the Skinner group has
in the past.*” The value of this constant affects the magnitude and sign of the chiral SFG
response but does not affect the position of the peaks (see Figure A3.2).

For each SFG calculation, 100 ns of MD data was analyzed, corresponding to
10,000,000 frames. The electric fields needed for the frequency mapping were calculated
using the previously optimized charges for the atoms of TIP4P water,'” while AMBER
ff14sb charges were used for the protein and ions.? !* The protein was assumed not to have
any vibrational coupling with water molecules and therefore influenced the system only

geometrically and as a source of electric field. The frequency resolution was 1 cm™. The
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calculations were implemented in Python and Cython, using the MDAnalysis and NumPy

libraries.> 32

Extracting chiral SFG signal from MD trajectories

The chiral SFG theory is derived based on the assumption that the system of interest
has C. symmetry. This is not true for MD trajectories with limited sampling. However, it
is not necessary to sample every orientation equally.!> Instead, one can simply assume that
each frame of the trajectory is rotated by a random angle about the z-axis and then integrate
over all values of the angle. In the rotated frame of reference denoted by the prime symbol,

each component of »* is transformed according to

(2) (2) (2)
;1fzfvw' - ;*fzyx - ;*fzxy

(2) (2) (2) (9)
;Kx:vk’ - ;K?}z - ;K)wz
and therefore, according to equation 3, the psp response is given by
Ky & Xod = X + X520 = X! (10)

where X2 =25 in the original frame, which comes from 25 is approximately equal
to zero because the Raman polarizability tensor, which corresponds to the first two indices
in y"¥, is approximately symmetric when the incident beam frequencies are far from an

electronic resonance.!’ This leaves

(2) (2) 2)
xpsp b xzyx _szy (1 1)
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SFG calculation of model systems

To calculate the SFG spectra of the model systems, the approach described above
(equation 8) was adapted and implemented in a Mathematica notebook. Unlike our SFG
calculations of the protein system, electric fields were ignored in the model system
calculations, and the gas phase values of mapped quantities for the OH bond were used for
all systems.* The water dimer structure coordinates were taken obtained from a pair of
water molecules taken from near LK7B in a frame of an MD trajectory. The Csy (i.e.,
ammonia) molecule was built as a perfectly trigonal pyramidal structure (109.5° between
adjacent bonds), and the dimer was built using simple geometric transformations that
created a segment of a chiral helix. The same procedure was used to create a dimer of
methane molecules. The chiral SFG spectrum of each model structure was calculated by

i i i —axi @) _ ,,@ @) @) )
averaging 200 conformations rotating around the z-axis, and 22 =20 = 10+ 2 — 42

(see Figure 3.2), with the disappearance of the 5 and »!» components monitored to
g pp Z;yz nyx p

ensure adequate rotational averaging (full integration over all rotations was impractical).
The negative signs arise from the vectors specifying the orientations of the incoming and
outgoing beams.!> Unless otherwise stated, the O-H/N-H/C-H groups were treated as
equivalent in terms of dipole and polarizability magnitudes, intramolecular and
intermolecular couplings, and vibrational resonance frequency. Natural fluctuations in
these quantities were not sufficient to create a chiral SFG signal in the absence of couplings
in the protein-containing system (data not shown), so variation in these quantities was not
considered in the model systems. The O-H/N-H stretch frequencies were set to 3400 cm™,
roughly reflecting IR spectra of the O-H and N-H stretches, while the C-H frequency of

methane was set to 2900, roughly reflecting IR spectra of liquid alkanes.**- >3 Note that the
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precise value of the resonance frequency does not affect the predicted spectra except by
shifting them (see Figure A3.3). The vibrational lifetime (i.e., Lorentzian damping
coefficient) was set to 0.01 seconds for the simple model dimer systems to achieve a
Lorentzian peak broadness similar to that observed in the real system. If the lifetime is
assumed to be in a more realistic range (~1 picosecond), the peaks become extremely sharp
and less convenient to plot. The conclusions presented here are not affected by the choice
of damping coefficient. The frequency resolution was 10 cm™'. The polarizability was
modeled as above, with a parallel-to-perpendicular polarizability derivative ratio of 5.6

assumed for both water and ammonia.*%- 34

Results

Biomacromolecules have been observed to organize surrounding water into
dynamic chiral superstructures.?* 2% 27- 35 Here, we use a model system consisting of the
antiparallel B-sheet formed by the short LK peptide that is stabilized by the vacuum-
water interface (Figure 3.1). Switching the chirality of the protein amino acids from (L-)
to (D-) causes the experimental chiral SFG response to flip.?” This effect is clearly
reproduced in our calculations (Figure 3.3). The chiral (psp) signal is around two orders of
magnitude weaker than the achiral (ssp) signal and converges about ten times slower
(Figure A3.4). These observations are likely the result of the complexity and variety of the
chiral water supramolecular structures, the relatively slow dynamics of the protein scaffold
compared to water, and the relatively small number of water molecules actively
participating in the solvation shell. An interface containing pure water produces no

significant chiral SFG signal (Figure 3.3). The small residual signal for pure water may be
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due to imperfect MD sampling, which is limited by the high computational cost of the SFG
spectrum calculations for systems of this size (~1350 water molecules). Figure A3.5 shows
that two independent simulations of a pure water interface system produce extremely noisy
and completely different signals, confirming that the chiral SFG response of a pure water
surface is effectively zero. The small difference in intensity between (L-) and (D-) LK7f
signals is most likely also a result of limited sampling due to the high computational cost.

Understanding the role of vibrational couplings in chiral SFG signals is important
for the interpretation of experimental data. We find that neglecting both intermolecular and
intramolecular vibrational couplings completely removes the chiral SFG signal from water
around LK7f (Figure 3.4A), whereas the achiral SFG signal only blue-shifts slightly when
both couplings are absent (Figure 3.4B). Note that we neglect couplings only in the SFG
calculation and not in the MD simulation, where all interactions specified by the force field
are preserved. Although both intermolecular and intramolecular couplings contribute to the
chiral signal, either one is enough to make it appear. Intermolecular couplings cause a small
red-shift in both the chiral and achiral SFG responses.* In real systems, this shift is likely
caused by the vibrational delocalization of the O-H stretch over many molecules. Water
molecules that interact with their neighbors have less electron density to devote to covalent
bonds, which weakens the bonds and thus lowers the vibrational frequencies. In our model,
the red shift is caused by the shift in the eigenspectrum of the coupling matrix due to
significant off-diagonal components, thereby approximating the aforementioned physical
effect. Because of the method by which these couplings were calculated, couplings

between the O-H stretch and protein modes, for example the N-H stretch in the protein
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backbone, were not included.* However, the protein still contributed to the spectrum by
modulating the local electric field experienced by the water molecules.?

Figure 3.4C shows the distribution of vibrational couplings calculated from a
representative frame of an MD simulation plotted against the dipole-dipole distance. The
average value of the intramolecular coupling (-17 cm!) is much larger in magnitude than
the average value of the intermolecular coupling (-0.025 c¢cm™'), but a few very short-
distance (< 3 A) intermolecular couplings are larger in magnitude (> 100 cm™) than any
intramolecular coupling. The standard deviation of the intermolecular coupling magnitudes
(1.1 em™) indicates that these larger couplings are extremely rare.*® In Figure 3.4D,
intramolecular couplings are included fully, but intermolecular couplings are only included
up to a distance cutoff. This plot reveals that most of the contribution to the spectral
intensity from the intermolecular couplings arises from interaction distances within 3 A,
that is, from the immediate neighbors of each molecule.

Although we have shown that short-range interactions produce most of the chiral
SFG signal, we have not addressed the length scale at which these interactions originate. It
may be that the observed effect of couplings is additive and only valid for large
macromolecular systems and not for smaller chiral assemblies. To test this possibility, we
calculated the chiral SFG response of a minimal water dimer system in a chiral
configuration at an interface with the macroscopic symmetry of C, (Figure 3.5A). Figure
3.5A (top) shows a pair of the enantiomeric water dimers. For simplicity we assumed that
each O-H group has the same dipole moment and polarizability magnitude. Intramolecular
couplings were calculated using gas-phase values* for mapped quantities such as the

dipole derivative. Intermolecular couplings were calculated based on distance by using gas-
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phase values for the transition dipoles, as described in the Methods. We assumed a complex
Lorentzian response with a damping factor chosen to produce peaks with a similar width
as in the protein-water spectra, although the peak width does not affect our conclusions.
As shown in the simulated spectra (Figure 3.5A) from top to bottom, when all couplings
are included, the mirror-image water dimers produce signals with opposite phase. When
only intramolecular couplings are considered, the intensity of the signals does not change
significantly. Including just intermolecular couplings (as would be the case for a system
such as HOD) produces a small but reliable signal as well. When there is no vibrational
coupling, the signals disappear completely.

To further illustrate the interplay of vibrational couplings and molecular symmetry
in determining the chiral SFG response, we performed the same calculation for two model
systems with a high degree of symmetry: a dimer of ammonia molecules and a dimer of
methane molecules, both arranged in a chiral configuration, shown as a pair of enantiomers
in Figure 3.5B-C (top). We observed coupling effects similar to those of the water dimers
but with a major difference — intramolecular couplings on their own produced no signal.
This result aligns with Simpson’s prediction of no chiral signal from an ideal Csy or Tq
(tetrahedral) molecule.!* '® In the next section, we will discuss how intermolecular

couplings can break symmetry and thereby produce chiral SFG signals in any molecule.

Discussion

Water has a uniquely strong and extensive network of hydrogen bonds. These bonds
significantly delocalize the O-H stretch mode and therefore change the symmetry of

vibrational chromophores. To illustrate this concept, Figure 3.6 schematically shows how
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couplings change the fundamental geometry of a water dimer that is frozen in an
asymmetric configuration. When O-H stretches are uncoupled, the system reduces to a set
of four O-H bonds. When intramolecular couplings are added, each pair of bonds is unified,
and the smallest indivisible unit of the system becomes a whole water molecule with Cay
symmetry. When intermolecular couplings are considered, the entire system is
interconnected, and the fundamental geometry behind the spectral response becomes the
(chiral) geometry of the entire water superstructure interacting with the chiral protein or
other macromolecules.

Based on the concept that vibrational couplings change the symmetry of
vibrational chromophores (Figure 3.6), we can discuss the observations in the simulated
chiral SFG spectra (Figures 3.4-5) in the context of Simpson’s symmetry-based theory.
First, for Figure 3.4A, in the case of no vibrational coupling, each O-H bond in the protein-
water system is an isolated linear oscillator, and the O-H vibrational mode belongs to the

Cov symmetry group. For such a system, all tensor elements of the molecular

hyperpolarizability are zero except f3

cce?

B...and B, , where the c-axis points along the O-
H bond, and all three elements are either proportional or equal to each other.!® These three
elements do not contribute to the chiral y' response according to equation 6 because
B... =B, Thus, chiral SFG is forbidden'* (purple, Figure 3.4A). When only
intramolecular couplings are considered (red, Figure 3.4A), the symmetry of the vibrational
chromophores becomes Cay. This lower symmetry leads to additional nonzero 3 elements
(B, B> B.. and B,,), where the c-axis is defined as the C> rotation axis of the

molecule) which can contribute to chiral SFG as described by equation 7. Thus, the chiral

SFG signal can be nonzero (red, Figure 3.4A). In the case of intermolecular couplings
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alone, each O-H group of individual water molecules communicates with O-H groups of
other water molecules. This cross-talk further reduces the symmetry and results in
additional nonzero [3 elements if the solvent surrounds a chiral template. In the extreme
case, the symmetry is reduced to Ci (with no symmetry elements), and thereby all [
hyperpolarizability tensor elements are nonzero. In this case, 3 is associated with the
delocalized vibrational chromophore due to intermolecular coupling, not individual
molecules, such that 3 effectively becomes y® if the molecular frame is chosen to align
with the laboratory frame. We note that 3 refers to the hyperpolarizability tensor of the
smallest independent molecular unit of the system, which is larger than a single molecule
if all couplings are considered. As long as not all 3 elements in equation 6 are zero or
cancel out, ) does not vanish. Hence, chiral SFG is allowed (blue, Figure 3.4A). Finally,
when both intramolecular and intermolecular couplings contribute, the net effect is a
combination of the second and third cases, yielding larger chiral SFG signals (black, Figure
3.4A). We emphasize that both types of coupling are necessary to obtain the full lineshape,
although we cannot generally predict the ratio of intramolecular vs. intermolecular
contributions in all systems.

The above arguments can also be applied to elucidate the simulated achiral spectra
shown in Figure 3.4B, where the signals do not significantly depend on vibrational
coupling. For achiral SFG experiments performed using the ssp polarization response, the

effective ,@ arises from y and , according to the definition of coordinates presented
Ssp xxz wz
in Figure 3.2, where 5 — , due to isotropy in the xy plane. Thus, £ can be expressed

yyz

in terms of [3 elements as in equation 11 that contains . This element does not vanish
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even for linear structures when [3 is averaged over all rotations about the z-axis.'® Hence,

in the case of no couplings, where the vibrational chromophore has C.y symmetry, the
nonzero element f_ can contribute to the achiral signal (purple, Figure 3.4B). When

intramolecular and/or intermolecular couplings are considered, the vibrational

chromophores have less symmetry, which leads to more nonzero [ elements that can

contribute to , as described in equation 11.
SSp

The differing sensitivity to couplings between chiral responses (Figure 3.4A) and
achiral responses (Figure 3.4B) may also be due to the fundamentally different origins of
the signals. Achiral signals are related to the magnitude of the z-component of the total
system dipole, resolved by vibrational frequency, while chiral responses result from
imperfect cancellation of hyperpolarizability terms and have no direct dependence on the
overall dipole. Hence, achiral SFG signal intensity does not depend strongly on couplings
or any other symmetry-breaking features unless those features increase the orientational
anisotropy of the system as a whole along the z-axis.

Although the coupling effects observed for the protein-water system (Figure 3.4A)
generally agree with those observed for the water dimer system (Figure 3.5A),
intermolecular couplings alone produce a larger effect in the protein-water system than in
the model water dimer. It seems that the large effect of intermolecular couplings shown in
Figure 3.4A may require water assemblies larger than a dimer or a shorter inter-water
distance than assumed in the model system. The intramolecular couplings may also be
somewhat inflated relative to the intermolecular couplings in this simple model because
gas-phase values of mapped quantities are used. The intramolecular coupling in the gas

phase is around -55 cm!, whereas the average value in bulk water is approximately -30
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cm'.* We decided to use gas-phase values for the model system (i.e., ignore the electric
field) to demonstrate that the effect of couplings is mainly a geometric or topological effect,
rather than the result of emergent chirality in local fields. Local fields may still play a role
in the real system, but they are not necessary for the coupling effect.

Intramolecular and intermolecular couplings can have synergistic effects. For the
Csy dimer system, intermolecular coupling alone produces a weaker signal than when all
couplings are included, even though intramolecular coupling alone produces no signal
(Figure 3.5B). This observation suggests that intramolecular couplings contribute to the
signal, but only if allowed to do so by a symmetry-breaking feature such as intermolecular
couplings. This effect is not seen in the methane (Tq) dimer (Figure 3.5C), suggesting that
the synergistic effect of intramolecular and intermolecular couplings is system-dependent.
Other symmetry-breaking features such as varying local electric fields may also be able to
unlock chiral signals. However, all of our results suggest that intermolecular vibrational
couplings alone are sufficient to unlock chiral signals in the simulated spectra.

The Cav point group is effectively just asymmetric enough that the surviving
hyperpolarizability components can give rise to a chiral SFG signal (equation 7). This is
under the condition that the Csy molecules are assembled in chiral supramolecular
assemblies at an interface with Co symmetry. Molecules of the Csy point group, for
example, have relatively higher symmetry, so all components of the hyperpolarizability
that can give rise to chiral signals disappear.'* The same is true for other highly symmetric
solvents. Although chiral SFG studies have focused on water interacting with
biomolecules, our work suggests that any solvent surrounding a chiral solute at an interface

with the C, symmetry may be able to generate a chiral SFG signal, provided that some
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symmetry-breaking features are present. Our results show that intermolecular vibrational
couplings can be one of these features and generate chiral signals in simulated SFG spectra.
This is consistent with theory developed by Zanni in 2012, which predicts nonzero chiral
(2D-)SFG signals in pairs of achiral but coupled chromophores.*®

The results in Figures 3.5B and 3.5C have significant implications for the study of
the chiral SFG responses of non-aqueous solvents, some of which are highly symmetric
molecules or contain highly symmetric functional groups, such the -CCl3 group in
chloroform and methyl group in methanol. One of the most common chemical groups in
organic solvents is the methyl group, which has Csy symmetry. Figure 3.5B shows that a
Csy molecule (i.e., ammonia) can produce chiral SFG signals if heterogeneous
intermolecular couplings are present. As the calculations in Figure 3.5 assume little about
each chemical system except geometry and the presence of couplings, the results for one
Csv molecule translate qualitatively to all Csy molecules and functional groups. Similarly,
the results for methane translate qualitatively to tetrahedral solvents such as carbon
tetrachloride. Accordingly, the symmetry-breaking feature of intermolecular (or more
precisely, inter-functional group) couplings may explain the prominent chiral peak
assigned to the methyl asymmetric stretch observed by Wang et al. in the antiparallel -
sheet LK peptides at the air-water interface.’” Moreover, Geiger and coworkers observed
a chiral SFG signal for methyl groups in DNA.!* 33 This observation has been a puzzle in
the field because Csy entities are forbidden to produce chiral SFG signals based on
symmetry arguments. However, our results show that vibrational coupling or other
environmental factors (e.g., local molecular interactions or electric field) can potentially

break the symmetry and induce chiral SFG signals.
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In this paper, we have discussed coupling between individual O-H vibrational
modes with linear symmetry and found that coupling of some kind is essential to break the
symmetry and allow for a chiral SFG signal. There are many vibrational modes, however,
that involve symmetry-breaking coupling within the mode itself. This includes the amide I
vibrational mode, which consists of both a carbonyl stretch and an N-H bend, so it is not
surprising that Skinner reports only a modest effect of couplings on the chiral SFG
spectrum in the amide I region.'

Both the symmetric and asymmetric vibrational modes of water involve both O-H
groups, but in isotopically labeled variants such as HOD, intramolecular coupling is
minimal due to the difference in vibrational frequency of O-H (~3750 ¢cm™) and O-D
(~2750 cm).13-38 In this case, intramolecular coupling is ignored, and the symmetry-based
theory predicts no chiral SFG signal. However, our results indicate that intermolecular
couplings contribute substantially, and they alone can produce a basic lineshape that is
similar to that for the combination of intramolecular and intermolecular couplings (Figure
3.4A). Hence, our simulations imply that the O-H stretch in HOD systems surrounding
chiral solutes will produce a chiral response. This is in agreement with isotope dilution

experiments by Perets et al.>*

Conclusion

This work examines the origins of the chiral SFG signal of the O-H stretch from
aqueous interfaces containing chiral biomacromolecular solutes. Although vibrational
couplings change the achiral SFG spectrum only slightly,>® they are absolutely essential to

the simulation of a chiral response. Our analysis indicates that vibrational couplings change
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the effective geometry of vibrational chromophores and introduce crucial asymmetry to
induce chiral SFG responses. Our calculations show that the dependence on coupling arises
even for a simple model system composed of two water molecules in a fixed geometry.
Therefore, the effect of couplings on chiral SFG is not a phenomenon arising only in
complex macromolecular systems.

Our findings have implications for theorists modeling SFG responses. Importantly,
researchers using any method that omits vibrational couplings between O-H groups (or
other bonds) must exercise caution when modeling chiral SFG signals. Intramolecular and
intermolecular couplings are found to have comparable contributions to the chiral SFG
response of water. Including intermolecular couplings as well as intramolecular couplings
is not critical to qualitatively capturing a chiral response, although it is necessary to obtain
the full signal. In contrast, for molecules with higher symmetry than water, the symmetry-
breaking effect of intermolecular couplings is absolutely required for the appearance of
chiral SFG signals in simulated spectra. Nonetheless, experimental detection of such
signals depends on many factors (e.g., signal-to-noise level) and thus remains to be
examined. Other symmetry-breaking effects, such as local molecular interactions and
applications of external electric fields, may also be effective in inducing chiral SFG signals,
and these remain to be explored with experiments and simulations. This work provides the
foundation for further investigations that may examine the chiral templating of non-

aqueous solvents surrounding non-biological macromolecules.
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Summary of Appendix to Chapter 3

Contains additional discussion of some of the symmetry arguments discussed in this paper,
details of calculation of chiral SFG spectra from MD simulation trajectories, MD
equilibration details, achiral (ssp) SFG response of water in terms of hyperpolarizability
elements, details related to the model system calculations, and chiral SFG signal

convergence information.
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Figure 3.1. The LK7f (LKLKLKL) peptide model system. (A) Each LK peptide consists of alternating
leucine (black) and lysine (blue) residues and is capped with an acetyl group (magenta) on the N-terminus
and an NHz group at the C-terminus. (B) An antiparallel B-sheet is constructed at the vacuum-water interface
from five LK7f peptides arranged such that leucine sidechains point toward the vacuum and lysine sidechains
point into the water. The system is neutralized with CI" ions (green). Approximately 1350 water molecules
surround the peptide. The simulation box is roughly 45 x 45 x 45 A. Half of the box is composed of the
system and the other half is vacuum.
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Figure 3.3. (A) Imaginary and (B) real components of the psp SFG response of the O-H stretch of water
around a pentamer of (L-) LK7f (red) and its (D-) enantiomer (blue) at the vacuum-water interface (see Figure
3.1 for structure) as well as a pure-water interface with the same simulation box size (black). Spectra are
averaged over 10,000,000 frames from 100 ns of MD simulation. Spectra are unnormalized.
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Figure 3.4. (A) Imaginary chiral (psp) SFG response of an (L-) LK7p pentamer at the vacuum-water interface
with different treatments of O-H/O-H vibrational coupling. (B) Imaginary achiral (ssp) SFG response of the
same (L-) LK7B system. (C) Intramolecular and intermolecular coupling magnitudes for the chiral SFG
response between O-H groups among waters in the LK7p system as a function of dipole-dipole distance,
where each dot represents coupling between two OH groups for one configuration obtained from an MD
trajectory. The mean and standard deviation are given for each type of coupling. The intramolecular couplings
(red) are given for a single distance (1.14 A) and thus correspond to a vertical line. (D) Fraction of total chiral
SFG response (the sum of the absolute values of the responses for all frequencies) versus intermolecular
coupling distance cutoff, where the distances were computed using effective dipole locations for each O-H
bond.
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Figure 3.5. Effect of coupling on model dimer systems: (A) water dimer, (B) ammonia dimer, (C) methane
dimer. Top: Enantiomers of the dimers. Bottom: simulated chiral SFG spectra of the dimers in mirror images
(black and red) for various combinations of vibrational couplings. The peak was set at 3400 cm™ for water
and ammonia and 2900 cm™! for methane and the couplings were calculated using Skinner’s approach
assuming no electric field, where the couplings still depend on dipole alignment and distance between dipoles
(see Methods).
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Appendix to Chapter 3

Combining components of 4 to form the effective psp SFG signal

Polarization settings in an SFG experiment isolate linear combinations of particular
components of y®. To see which are isolated, it is necessary to define the experimental

setup. For a given polarization setup, the effective response is given by!

i/,vis)( Wk ka,IR) (1)

Zifzf) = ZzzuiLii,sum ’ ;{1(/2) ’ (ij
k

i !
where the components L, are Fresnel factors and W , V, and W are unit vectors
representing the polarization of the optical field of the sum-frequency, visible, and IR
beams, respectively. Assuming a psp setup and an angle ¢ between the laser table and

each beam, these unit vectors are given by

0 =(—cos(),0,sin())
v =(0,1,0) )
w = (cos(),0,sin())

which, assuming common Fresnel factors for each beam and each dimension and
ignoring angle terms, gives an effective response of
@) @) _ ) 4 ) _ 0
Zpsp o< XZyx - nyz + nyz - nyx (3)

We effectively neglect the Fresnel factors because calculating them would involve
assumptions about the experimental setup that are not necessarily justified. Moreover, it is

customary in the SFG simulation feid to neglect the Fresnel factors.!>? For systems with Ce
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symmetry, only components that survive the following integration contribute to SFG
signals.

2
Z;lei,transfomled = J‘ dezRzl(e)ij(e)Rkn(e)Zl(nzzZ (4)
0

Imn
where R is a matrix expressing a rotation of the tensor y' by the angle @ about the z-

axis. When this transformation is performed, the last two terms in equation 3 vanish, and

the remaining two terms map onto the following in the lab reference frame:

©) oc 4@ 4 (5)

psp xyz

Equation 5 is used to extract the psp signal from MD simulations, effectively assuming

random rotation about the z-axis. Please see the next section for details.

Calculating »® from a molecular dynamics trajectory

The previous section assumed that the system of interest has C. symmetry.
Although this is true for many experimental systems, it is not true for molecular dynamics
trajectories with limited sampling. To avoid this issue, it is not necessary to sample every
orientation equally. Instead, one simply assumes that each frame of the trajectory is rotated

by a random angle 7T about the z-axis. In this rotated frame of reference, each component
of 4" is transformed according to equation 4. Under this transformation, the component

x©., 1n the rotated frame becomes ) — ) in the original frame, and the component

zy'x’

2) (2) _ A, (2) 2) 1 1
X2 becomes x — y®. Thus 2% 1s given by

(2) (2) 2 _ ,,2 (2) (2) (2)
Zp,sp o< Zz'y'x' - Zx'y'z' - Zzyx - %zxy + Zyxz - nyz (6)
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where the rotating frame is identified by primed indices. The hyperpolarizability tensor
arises from the outer product of the polarizability and dipole derivatives associated with

vibrational normal mode Q,

Jo. au
@ | T || OH
g [BQJ(GQJ "

and the SFG response arises from the hyperpolarizability as in equation 3.5 in Chapter 3.
Thus, the last two terms in equation 6 vanish due to symmetry of the Raman tensor far

from electronic resonance, leaving
2 2 2
X o X5 = 2 ®)

Equation 8 allows one to calculate the response of a simulated system as if it were freely
rotating about z, so this equation is relevant only for computing chiral SFG signals from

MD simulations. See ref. 1 for more details.

Molecular dynamics (MD) equilibration details

First the energy of the system composed of the protein, solvent, and ions was
minimized while keeping the protein restrained by harmonic restraints with force constants
200 kcal/mole A2, Next, the solvent and ions were equilibrated with MD in an NVT
ensemble for 500 ps at 298 K. Then the hydrogen atoms in the protein were relaxed by
energy minimization, followed by three rounds of energy minimization of sidechains,
reducing the restraints on the backbone atoms from 100 kcal/moleA2, to 50 kcal/molsA2,
and finally to 10 kcal/mol*A-2. The energy of the entire system was then minimized with

no restraints. Following minimization, the system was heated at constant volume from 0 K
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to 298 K in seven steps, each containing 10 ps of temperature ramping and 50 ps of constant
temperature MD. The entire system was equilibrated for 6 ns in an NVT ensemble. NPT
equilibration was not performed to avoid damaging the vacuum-water interface. Lennard-
Jones interactions were cut off at 14 A with a switching function starting at 12.6 A to
smooth the transition. Long-range electrostatic interactions were treated with the particle-
mesh Ewald method.> The water molecule geometry was constrained with the SETTLE
algorithm,* while protein bonds involving hydrogen were constrained with the SHAKE

algorithm.® The timestep for all equilibration and production MD was 1 fs.

Trajectory wrapping details

For simplicity, we used 3D periodic boundary conditions for our MD simulations.
These boundary conditions led to an inconvenient wrapping of water molecules from the
“bottom” of the slab up to the top of the system, where they created a fictitious interface
above the vacuum. Our wrapping code simply returned these water molecules to the bottom
of the slab. This wrapping was required only for achiral SFG calculations, where the second

(bottom) surface had to be damped out (see Chapter 3).

Impact of bond polarizability on the chiral SFG response of water
This work uses the bond polarizability model® to describe the polarizability of water
molecules. In the bond polarizability model, the polarizability of a molecule is separated
into polarizabilities associated with each bond. In the bond’s frame of reference, assuming
the bond points along the x-axis, the polarizability derivative matrix associated with a

vibrational transition is given by
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o 0 0
0 o 0 9)
0 0 o

where af is the component of the polarizability derivative associated with the vibrational

transition along the bond and ¢’ is the component perpendicular to the bond. In the

laboratory frame of reference, the components of the transition polarizability are given by

the following expression’
o) = (e — o, + a\5,) (10)
where x, is the change in bond length associated with vibrational excitation, &, is the

Kronecker delta function, and W is the bond unit vector. The ratio ol o, is a key quantity

in this expression and is assumed to be 5.6 for the O-H bonds of water in this work.” If the

ratio is equal to 1 (o’ = «’ ), the polarizability cannot have off-diagonal terms in the

laboratory frame, and thus all components of ;((2) except ;{ﬁfz) , Z(vf)’ and ){(2) become zero,

and no chiral SFG signal is possible within the bond polarizability approximation. For a

simple molecular system such as a water dimer, the value of ¢/ o affects the sign of the
I L

peaks but not their location (Figure A3.2).

Achiral (ssp) SFG response of water in terms of hyperpolarizability

elements
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Water belongs to the Cay point group, for which only some hyperpolarizability
elements survive (see the Symmetry-based chiral SFG theory section in Chapter 3).® These

elements give rise to SFG signals in a water-containing system. The chiral SFG signal is

given by equations 3.6 and 3.7 in Chapter 3. The achiral (ssp) signal is captured by the y®

element », which is given by the following equation

22 = %cos(@) {B..sin*(0)+cos’ (W) B, +PB,, cos’(6)—2pB, ,sin’*(6))
+(B,,, +B,,. cos’(6)—2f sin’*(0))sin’(y)}

(1D

where @ and Y/ are Euler rotation angles mapping the molecular frame to the lab frame,

and the c-axis aligns with the primary (C) rotation axis of the water molecule. This result

is averaged over all values of the first Euler angle ¢ to reflect the C., symmetry of the

system about the z-axis.

Connection between point group, chiral SFG, and vibrational
coupling

Vibrational SFG signals ultimately arise from the hyperpolarizability tensors of the
molecules in the system, as in equations 6 and 7 in Chapter 3. The point group of the
constituent molecules determines which elements of the hyperpolarizability tensor survive.
For more information and references to further reading on the subject, see ref. 9, Appendix
A.

As mentioned in Chapter 3, when vibrational couplings between O-H groups in an

aqueous system are ignored, the system is effectively modeled as a collection of linear (O-
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H) oscillators that happen to be arranged into the shape of molecules of water. Since there
is no cross-talk between O-H bonds, the molecular entity of interest is a linear structure

with the point group Cewy. In molecules of the Coy point group, only the elements _, f,

,and B, survive, where 8 =P, =kp ., wherekisa constant, a, b, and ¢ denote axes

aac

in the molecular frame, where the z-axis points along the bond.” In a system with Ce

symmetry about the z-axis, components of y"* are given by

5 1 2r
x5 ocg!d¢§k<R,,<w>RJ,(9)RKk<¢)>ﬂ,,k (12)
and
x51=0 (13)

The same is true for other chiral components of 5. Thus, no SFG signal is possible when

couplings are ignored. When intramolecular couplings are considered, the minimal
molecular unit in the system becomes an entire water molecule, which has point group Cay
and can give rise to chiral signals, as discussed in Chapter 3 (equations 5-7).

Molecules with the Csy point group cannot produce chiral signals without
intermolecular coupling. In this point group, 11 components of 3 survive, of which four
are independent when the Raman tensor is symmetric (i.e., there is no electronic
resonance’), but these are not enough for chiral components of »® to survive the
transformation in equation 12. However, when intermolecular couplings are included, the
fundamental molecular unit of the system becomes, in effect, the entire system due to

vibrational delocalization, and if a chiral solute is present, all components of 3 survive,

and 3 becomes effectively equivalent to y”, as discussed in Chapter 3.
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Figure A3.1. Imaginary component of the psp SFG response for the water O-H stretch
around a pentamer of (L-) LK7f at the vacuum-water interface computed using the time-
averaging approximation (TAA)!° with 80 fs (red) or 160 fs (blue) averaging time intervals.
These signals are noisier than the signal obtained from the calculation using the
inhomogeneous limit (i.e., a simple average of conformations, shown in black), but show
a similar lineshape.
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Figure A3.2. Imaginary component of the psp SFG response for a chiral water dimer
configuration that could arise near a biomacromolecule. Each curve represents the SFG
response calculated with a different ol o, ratio (see legend), where of and ¢’ are

polarizability derivatives associated with vibrational excitation of an O-H bond in water
(see text). This ratio affects the sign and magnitude of the chiral SFG signal for a water
dimer model system but has no effect on peak frequencies. A ratio of one causes the chiral
signal to disappear.
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Figure A3.3. Imaginary component of the psp response for a chiral water dimer model
system with different resonance frequencies. Varying the vibrational resonance frequency
does not affect the chiral SFG lineshape, except by shifting it, so the choice of O-H stretch
frequency for the water dimer model system is unimportant.
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Figure A3.4. Convergence of the imaginary component of the psp chiral (black) and ssp
achiral (red) responses. The normalized absolute difference is calculated by the following
steps: (1) calculate the average signal at each timestep for each frequency, (2) subtract the
result from the average calculated at the previous timestep, (3) take the absolute value of
the differences, (4) sum the result over all frequencies, and (5) normalize to the initial
absolute difference. The chiral SFG spectrum converges about an order of magnitude more
slowly than the achiral spectrum.
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Figure A3.5. Chiral SFG responses of two independent trajectories for a pure-water
interface, showing that the observed signal is noise that most likely originates from
imperfect sampling. These spectra are averaged over 10,000,000 frames from 100 ns of
sampling. The size of the system (20x20x10 A) was reduced compared to the water-only
control in Chapter 3 (45x45x22.5 A) for computational efficiency.

133



References

1. Carr, J. K.; Wang, L.; Roy, S.; Skinner, J. L. Theoretical Sum Frequency
Generation Spectroscopy of Peptides. J. Phys. Chem. B 2015, 119, 8969-8983.
2. Morita, A. Improved Computation of Sum Frequency Generation Spectrum of the

Surface of Water. J. Phys. Chem. B 2006, 110, 3158-3163.

3. Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-log(N) method for
Ewald sums in large systems. J. Chem. Phys. 1993, 98, 10089-10092.

4, Miyamoto, S.; Kollman, P. A. Settle: An analytical version of the SHAKE and
RATTLE algorithm for rigid water models. J. Comput. Chem. 1992, 13, 952-962.

5. Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. C. Numerical integration of the
cartesian equations of motion of a system with constraints: molecular dynamics of n-
alkanes. J. Comput. Phys. 1977, 23, 327-341.

6. Long, D. A.; Bell, R. P. Intensities in Raman spectra I. A bond polarizability
theory. Proceedings of the Royal Society of London. Series A. Mathematical and Physical
Sciences 1953, 217, 203-221.

7. Auer, B. M.; Skinner, J. L. IR and Raman spectra of liquid water: Theory and
interpretation. J. Chem. Phys. 2008, 128, 224511.

8. Moad, A. J.; Simpson, G. J. A Unified Treatment of Selection Rules and
Symmetry Relations for Sum-Frequency and Second Harmonic Spectroscopies. J. Phys.
Chem. B 2004, 108, 3548-3562.

0. Wang, H.-F.; Gan, W.; Lu, R.; Rao, Y.; Wu, B.-H. Quantitative spectral and
orientational analysis in surface sum frequency generation vibrational spectroscopy
(SFG-VS). Int. Rev. Phys. Chem. 2005, 24, 191-256.

10. Auer, B. M.; Skinner, J. L. Dynamical effects in line shapes for coupled
chromophores: Time-averaging approximation. J. Chem. Phys. 2007, 127, 104105.

134



Chapter 4: Detecting the First Hydration Shell
Structure around Biomolecules at Interfaces

Adapted from the following reference with permission:
Konstantinovsky, D.; Perets, E. A.; Santiago, T.; Velarde, L.; Hammes-Schiffer,
S.;Yan, E.C. Y.

(co-first-author publication)
ACS Cent. Sci. 2022, 8, 1404-1414.

DOI: 10.1021/acscentsci.2c00702

135



Abstract

Understanding the role of water in biological processes remains a central challenge in the
life sciences. Water structures in hydration shells of biomolecules are difficult to study in
situ due to overwhelming background from aqueous environments. Biological interfaces
introduce additional complexity because biomolecular hydration differs at interfaces
compared to bulk solution. Here, we perform experimental and computational studies of
chiral sum frequency generation (chiral SFG) spectroscopy, probing chirality transfer from
a protein to the surrounding water molecules. This work reveals that chiral SFG probes
almost exclusively the first hydration shell around the protein. We explain the selectivity
to the first hydration shell in terms of asymmetry induced by the protein structure and
specific protein-water hydrogen-bonding interactions. This work establishes chiral SFG as
a powerful technique for studying hydration shell structures around biomolecules at
interfaces, presenting new possibilities to address grand research challenges in biology,

including the molecular origins of life.
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Introduction

Water, interfaces, and homochirality are chemical hallmarks of biological life.
However, most water molecules in the hydration shells of biomolecules are missing from
structural data using standard techniques such as x-ray crystallography and electron
microscopy. Hydration shell water molecules are very difficult to study due to their rapid
dynamics and exchange with bulk solvent. Nevertheless, the motion and arrangement of
these water molecules can significantly modulate the structures and functions of
biomolecules.!> Moreover, the chemical behavior of water and biomolecules also changes
near interfaces.® Aqueous interfaces are ubiquitous in biological systems and are
chemically distinct from bulk aqueous environments because of the presence of chemical
asymmetries, notably the termination of bulk water hydrogen bonding (H-bonding)
networks. Hydration shell structures around biomolecules will therefore change
dramatically as the biomolecule approaches an interface. Although NMR,” neutron

16,17 yibrational circular dichroism,'® and Raman

scattering,* 1015 terahertz spectroscopy,
optical activity!'® are useful in probing aspects of structure and dynamics of hydration of
biomolecules, none of these methods is interface specific. Thus, studying local water
interactions in hydration shells of biomolecules in sifu and under ambient conditions at
interfaces remains a significant experimental challenge.

Here, we show that chiral sum frequency generation (chiral SFG) spectroscopy can
tackle this challenge by offering remarkable selectivity to probe water structures in the first
hydration shell of a biomolecule. We demonstrate that the method can suppress signals of

water molecules outside the first hydration shell at interfaces and in the bulk solution.

Chiral SFG reveals the O-H stretching vibrational frequencies of water, thus enabling
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studies of local H-bonding interactions between water and biomolecules. This
extraordinary capability of probing local H-bonding structures of water in the first
hydration shell of biomolecules in situ at interfaces will support the pursuit of a central
challenge in the life sciences — elucidating the role of water in biomolecular function.
Chiral SFG is an interface-specific, chiral-selective vibrational spectroscopy. For
over a decade, chiral SFG has been developed into a tool for characterization of
biomolecules in chiral secondary and higher-order structures at interfaces, such as on lipid

2028 Tp 2017, Petersen and coworkers first detected

membranes and polymer surfaces.
chiral SFG signals from a chiral assembly of water molecules hydrating DNA.2° Our group
later showed that chiral assemblies of water molecules also form around proteins, and that
the chirality of the water assemblies correlate with the chirality of the protein.?® 3932 These
studies show the promise of chiral SFG to probe water structures in hydration shells of
biomolecules at interfaces. Nonetheless, one outstanding question remains. What are the
structural and dynamical properties of the chiral supramolecular assemblies of achiral
water molecules that generate a chiral SFG response? This question remains to be answered
before chiral SFG can be fully utilized to study hydration of biomolecules at the
fundamental level.

We seek to answer this outstanding question using a model system, LK7p (Ac-
LKLKLKL-NHb>), which is an amphiphilic peptide that assembles into antiparallel -sheets
at interfaces (Figure 4.1).2% 3% We perform experiments to measure the chiral SFG response
from water that hydrates LK73. We then build atomistic models of the antiparallel B-sheet

at an aqueous interface and simulate the chiral SFG response of water with molecular

dynamics (MD). Based on these simulations, we dissect the overall chiral SFG signals into
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those generated by subsets of water molecules in the system. Such computational
investigations reveal correlations between local H-bonding interactions, the O-H stretching
frequency, and the intensity of the chiral SFG response. More importantly, chiral SFG is
demonstrated to possess exclusive selectivity for water structures in the first hydration
shell. We further analyze how the mobility of water molecules is related to their
effectiveness in producing chiral SFG signals and how the orientations of water dipoles
arrange around the protein at the interface. These analyses uncover the molecular origin of
the remarkable selectivity of the chiral SFG method to the first hydration shell based on
established symmetry-based chiral SFG theory.?*3* We discuss the implications of these
findings in the context of recent progress in studying biomolecular hydration using various
methods in the field. We conclude that chiral SFG offers unique capabilities to probe water
vibrations in hydration structures of biomolecules at interfaces with selectivity to the first

hydration shell.

Results and Discussion
Comparison of experimental and computational spectra

We start our investigations by obtaining experimental chiral SFG spectra of water
around the antiparallel B-sheet LK7f (Figure 4.1) and comparing the experimental spectra
with the computational spectra simulated with MD (Figure 4.2). Our experimental setup
consists of a hydrated film of (L-) or (D-) LKsB deposited on a quartz surface for
heterodyne detection, as previously described.?! Compared with our previous studies,*! the
experimental chiral SFG spectrum extends the spectral region beyond 3400 cm™! (Figures

4.2a and 4.2b) for direct comparison with the simulated spectra (Figure 4.2c). Figure 4.2a
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shows that the phase of the chiral SFG signal flips when (L-) LK5f is replaced with (D-)
LK57B. The experimental spectra consist of N-H and C-H stretching peaks from protein as
well as O-H stretching peaks from water. The C-H stretching modes in LK7[3 only appear
below 3000 cm™!. Because N-H and O-H stretching peaks are overlapping at frequencies
above 3000 cm™!, we identify the water O-H stretching contributions using H>'®0 labeling
(Figure 4.2b). Isotopic substitution with H»'*O shifts O-H stretching frequencies to the red
by roughly 12 cm™!' (Figure A4.2 and Table A4.1).>> This identifies peaks at 3151 cm™!,
3366 cm!, and 3555 cm™! as coming from the O-H stretch (see Table A4.1). Other spectral
features ( > 3000 cm™) do not redshift upon H»!80 substitution and therefore are assigned
to the N-H stretching modes of LK7p (Figure A4.2 and Table A4.1). The H>'%0 labeling
reveals broad spectral features of water that span three spectral regions: 3050-3150 cm™,
3300-3400 cm™!, and 3500-3800 cm!. The features appearing around 3050-3150 cm™! and
3300-3400 cm™' were previously observed and assigned to the O-H stretch of water
solvating LK7B.3% 3! This experiment therefore identifies additional contributions of water
in the high-frequency region of 3500-3800 cm'!.

We calculate the chiral SFG spectrum of the water around (L-) LK7f (Figure 4.2¢)
using MD simulations. The model system consists of five antiparallel strands of the LK7f3
protein surrounded by ~1340 water molecules and placed at the vacuum-water interface,
where the hydrophilic lysine side chains point toward the aqueous phase and the
hydrophobic leucine side chains point toward the vacuum (Figure 4.1). Our calculations of
the vibrational spectra rely on Skinner’s mapping approach, which is based on density
functional theory (DFT) calculations linking local electric fields to O-H vibrational

frequencies and transition dipoles.’®#° The computational spectra (Figure 4.2¢) therefore
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report water O-H peaks but not protein N-H peaks. To calculate the chiral SFG signal, we
calculate an orthogonal (“chiral”) second order susceptibility tensor component that is
nonzero only for a chiral surface at an interface. The more commonly detected and
simulated SFG response from achiral interfaces originates from non-orthogonal
components, such as those calculated in the Skinner group’s work3® 3840 (see Methods for
technical details). As shown in our previous study,’! the phase of the computational chiral
SFG spectrum flips when the chirality of the protein is switched from the (L-) form to the
(D-) form (Figure 4.2c), agreeing with the experimental observation (Figure 4.2a). Each
spectrum contains two major features: a positive peak at around 3400 cm™! and a negative
peak at around 3600 cm™! for (L-) LK, and the same pair of peaks with opposite phase
for (D-) LK7B. These two peaks appear to agree with the experimentally observed water
contribution in the two high-frequency regions of 3300-3400 ¢cm™ and 3500-3800 cm’!
(Figure 4.2a).

The computational spectrum seemingly does not show any low-frequency spectral
features at 3050-3150 cm™! to match the experimental observation. Nonetheless, careful
examination of the computational spectrum (inset, Figure 4.2¢) reveals a small feature at
around 3000 cm™! just above the noise level but statistically significant (p=0.037 in a two-
sided t-test when the signal between 2850 and 3050 cm! is compared to the baseline
between 3800 and 4000 cm!). Further analysis of the chiral SFG response shows that O-
H stretches at this low frequency can originate from water forming strong H-bonds with
LK, which will be discussed in detail below. It is important to note that our calculations
did not take Fermi resonances into account, and Fermi resonance with the first overtone of

the water bending mode may contribute to the low-frequency peak.*! Overall, the
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computational spectra (Figure 4.2c) capture the most important features of the
experimental spectra (Figure 4.2a), showing the chiral SFG response of the O-H stretching

modes of water molecules hydrating LK.

Chiral SFG signal of water is primarily generated from the first hydration shell

Our current study centers on dissecting the overall chiral SFG responses of water
molecules into those interacting with various parts of LK7p, e.g., the first and second
hydration shells. Key to the analysis is the use of the Voronoi tessellation algorithm (see
Methods). This algorithm divides the entire simulation system into non-overlapping three-
dimensional compartments, where each compartment is exclusively occupied by one atom.
The boundary of each compartment is delineated using Voronoi tessellation. These
boundaries can then be used to identify all immediate neighbors of each atom in the
simulation system.**-** Using this algorithm, we define the first hydration shell to contain
water molecules with at least one atom neighboring the protein, and the second hydration
shell to contain water molecules neighboring those in the first hydration shell. Figure 4.3a
shows the LK7f protein (yellow) surrounded by water in the first (red) and second (blue)
hydration shells, as well as all water molecules in the simulation system (black). We can
then calculate the chiral SFG spectra of the first and second hydration shells, shown
respectively as red and blue spectra in Figure 4.3b, where the spectrum of all water (black,
same as in Figure 4.2¢) is also presented for comparison. Remarkably, the spectrum of the
first hydration shell almost overlaps with the spectrum arising from all water molecules in
the molecular model. The area under the curve of the first hydration shell spectrum

accounts for ~92% of the analogous area for the spectrum arising from all water molecules.
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By contrast, the second hydration shell produces almost no signal. Hence, nearly all the
chiral SFG response arises from water molecules in the first hydration shell. These results
indicate that chiral SFG spectroscopy is sensitive to the water structures in the first

hydration shell of the protein at the air-water interface.

Chiral SFG response of water reveals local interactions in the first hydration shell

We further analyze the chiral SFG signals generated from the first hydration shell.
We aim to identify the water molecules that generate the chiral SFG responses
corresponding to the three spectral regions (~3050-3150 ¢cm™, ~3300-3400 cm’!, and
~3500-3800 c¢m™) revealed from experiments (Figure 4.2a). We then focus on the
correlation between the O-H stretching frequencies and the local H-bonding interactions
between water and the protein. We examine this correlation because water-water and
water-protein H-bonding interactions modulate the O-H stretching frequency, giving rise
to chiral SFG responses across the three spectral regions. Specifically, stronger H-bonds
with water acting as the H-bond donor lead to lower O-H stretching frequencies. To
perform this analysis, we divide the first hydration shell into various subsets of water
molecules and compute the chiral SFG spectra of these subsets (Figure 4.4). Figure 4.4a
shows the spectrum of all water molecules in the first hydration shell. These water
molecules are divided into those close to the protein backbone (Figure 4.4b) and sidechains
(Figure 4.4c) (see the Appendix for the selection details). Next, the backbone subset is
subdivided into not H-bonded to the protein (Figure 4.4d), and H-bonded to the C=0O
(Figure 4.4e) and N-H (Figure 4.4f) groups. Similarly, the sidechain subset (Figure 4c) is

grouped into not H-bonded to the protein (Figure 4.4h) and H-bonded to the positively
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charged lysine sidechains (Figure 4.4i). To explore the origin of the low-frequency
experimental signals at 3050-3150 cm™! (Figure 4.2a), we further calculate the spectrum of
water molecules forming strong (short) H-bonds with the backbone C=O groups (Figure
4.4¢). All these spectra are plotted with absolute signals (black spectra) on the left-hand
axis and signals normalized to the number of water molecules (blue spectra) on the right-
hand axis in Figure 4.4.

We first focus on the spectra in Figure 4.4 that share the same line shape as the
spectrum of the first hydration shell (Figure 4.4a): a positive peak at ~3400 cm™ and a
negative peak at ~3600 cm!. These spectra include Figures 4.4b-¢ and h. The full hydration
spectrum (Figure 4.4a) is the sum of the backbone (Figure 4.4b) and sidechain (Figure 4.4c)
spectra. The absolute contributions of these two subset spectra are on the same order of
magnitude. Hence, both the protein backbone and sidechains can template water molecules
into chiral water superstructures and generate the overall chiral SFG signals. Within the
backbone subset, water molecules that are not H-bonded to the backbone (Figure 4.4d) and
H-bonded to the backbone C=0 groups (Figure 4.4¢) dominate the spectral response and
contribute almost equally to the overall backbone spectrum (Figure 4.4b). In contrast,
within the sidechain subset, water molecules not engaging in H-bonding interactions
(Figure 4.4h) are responsible for almost all the signal in the overall sidechain spectrum
(Figure 4.4c). Hence, there are three major contributors to the overall chiral SFG signal of
water O-H stretches. They are water molecules near but not H-bonded to the backbone
(Figure 4.4d), H-bonded to C=0 on the backbone (Figure 4.4¢), and near but not H-bonded

to the sidechains (Figure 4.4h). These subsets of water are likely responsible for the
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experimental signals of water O-H stretches in the middle and high frequency regions of
~3300-3400 cm™ and ~3500-3800 cm™! (Figure 4.2a).

It may be surprising that subsets of water molecules with different molecular
interactions with the protein give similar spectral line shapes. Importantly, water molecules
in the subsets that are not H-bonded to the protein still participate in H-bonding networks
with neighboring water molecules. Indeed, we find that the average number of H-bonds
formed by first hydration shell water molecules is 3.2 for those near but not H-bonded to
the backbone, 3.2 for those H-bonded to C=0 on the backbone, and 3.1 for those near but
not H-bonded to the sidechains. These numbers are slightly lower than but comparable to
an average of 3.4 H-bonds per water molecule considering all water molecules in the entire
system. For water molecules in these H-bonding environments, the overall line shape
appears to be simply the signature of water experiencing electric fields from the protein,
and it does not matter whether the H-bond acceptor is a carbonyl group oxygen or a water
oxygen because the electric fields experienced by the O-H groups are similar. This typical
H-bonding environment for most water molecules around the antiparallel -sheet likely
accounts for the general line shape of water molecules in the first hydration shell of LK73.

Three spectra in Figure 4.4 deviate from the overall two-peak line shape. Among
them, two exhibit similar spectral features: the backbone NH-bound (Figure 4.4f) and the
sidechain NHs"-bound (Figure 4.4i) spectra. These spectra show not only the general
feature with a positive peak at ~3400 cm™ and a negative peak red shifted to around ~ 3550
cm’! but also an additional positive peak at ~3700 cm™'. A water O-H stretch at that high
frequency often suggests a weak or free H-bonding environment. Indeed, the sharp peak at

high frequency in Figure 4.4f resembles the prototypical dangling O-H pointing toward the
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air at the air-water interface as first reported by Shen and coworkers.*> Analysis of our MD
trajectories indicates that about 15% of the water molecules that are H-bonded to backbone
N-H have OH groups pointing into the vacuum. These OH groups in H-bond free
environments are expected to contribute to the high-frequency signal. In contrast, the
positive peak at ~3700 cm™! in the sidechain NH3-bound spectrum (Figure 4.4i) likely
arises from a different source. The NH3"-bound water molecules form only 2.3 H-bonds
on average (versus 3.4 for all water molecules in the system), suggesting that the H-
bonding structure of water near the positive charge of the lysine is severely disrupted. This
disruption was previously proposed to give rise to a high-frequency peak corresponding to
a water molecule containing O-H groups that are not engaged in H-bonds.*

The last spectrum that shows a line shape different from the general one is Figure
4.4g. This spectrum is generated from water molecules forming the shortest (strongest) H-
bonds with the backbone C=0 (1.6 A or less between the water hydrogen and protein
oxygen). The spectrum contains three peaks. Two of them resemble the general positive
peak (3400 cm™') and negative peak (3600 cm™) of the first-hydration shell spectrum
(Figure 4.4a) but are red shifted to 3250 cm™ and 3550 cm™!, respectively. These red shifts
are often associated with stronger H-bonds. Uniquely, the spectrum also shows a small but
significant third peak at ~3000 cm'!. A peak at this low frequency is also present in the
spectrum of all water molecules in the system (inset, Figure 4.2c). Such low-frequency
signals are seen in the H>'®0 isotope substitution experiments (Figure 4.2b). Hence, the
low-frequency signals could potentially be due to water molecules strongly H-bonded to
carbonyl groups on the protein backbone. Nonetheless, it is important to note that Fermi

resonance with the first overtone of the water bending mode can also generate a water
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vibrational response at ~3200 ¢cm™'.*!> 46 Because our current calculations do not include
Fermi resonance, further investigation is needed to better understand the experimentally

observed signals in the low-frequency region of ~3050-3150 cm.

Chiral SFG intensity and water mobility are correlated for water H-bonded to protein
We further investigate how water mobility regulates the chiral SFG intensity. We
hypothesized that the more static the water molecules in the first hydration shell the higher
the chiral O-H stretching signals produced per water molecule in that subset. To test this
hypothesis, we calculate the retention times (i.e., the average time spent within a subset) of
the water molecules in each subset described in Figure 4.4.*” Figure 4.5 plots the chiral
SFG signal per water molecule versus the retention time. The overall correlation is
noticeably poor. However, there is a positive correlation between the retention time and
the chiral SFG signal production efficiency per water molecule for water interacting with
the protein through H-bonds. These water molecules belong to the subsets that are
hydrogen bonded to backbone C=0, backbone N-H, and sidechain NH3" groups (i.e., “HB
to C=0”, “HB to N-H”, and “HB to NH3"” in Figure 4.4). The above correlation analyses
reveal two classes of water molecules in the first hydration shell that generate chiral SFG
signal generation. The first class is characterized by water molecules that form H-bonds
with the protein. In this case, the more a water molecule’s mobility is reduced by H-
bonding interactions with the protein, the more it produces chiral signal (Figures 4.4e, f,
and i and 4.5). The second class is characterized by water molecules that do not form H-

bonds with the protein (Figures 4.4d, 4.4h, and 4.5). According to this analysis, the water
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molecules that form more persistent H-bonds with the protein (i.e., H-bonds that are

retained for longer times prior to exchange) contribute the most to the chiral signal.

Chiral SFG theory can explain the selectivity of chiral SFG to the first hydration shell

We then seek to elucidate the origin of the selectivity of chiral SFG to the first
hydration shell. We ask whether the ordering of water dipoles by the LK protein extends
beyond the first hydration shell, and if it does, why this extended ordering does not generate
chiral SFG signals. Figure 4.6a shows the top view of the simulation system composed of
LK7p at the vacuum-water interface, where the protein (yellow) is surrounded by the first
hydration shell (red) and second hydration shell (blue). The average water molecular dipole
moments in the interfacial plane are calculated with a resolution of 1 A and presented as
unit vectors in Figures 4.6a, b, c, and d. The relative magnitude of each vector is not
depicted in these figures to emphasize even a slight bias in the dipole direction. Figure
A4.6 provides a depiction with the actual vector magnitudes, illustrating that the ordering
of water dipoles past the second hydration shell is minimal compared to the ordering near
the protein.

Figure 4.6a shows that the water dipoles are pointing toward the protein because
LK7p contains positively charged lysine sidechains. Clearly, LK7[ changes the ordering of
water molecules past the first hydration shell. The region of effect extends 3040 A away
from the protein (red box, Figure 4.6¢), and gradually fades into random arrangements
beyond 40 A (blue box, Figure 4.6b). Focusing on the water molecules closest to the
protein, Figure 4.6d (orange box) depicts the orientations of water dipoles inside the first

hydration shell, and Figure 4.6e depicts the average water dipole in this region with both
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direction and magnitude. The magnitude at a given gridpoint can be less than the dipole
moment of one water molecule due to averaging over different orientations and occupation.
The arrangement of water dipoles within the first hydration shell appears to be less
symmetrical than the arrangement of water dipoles beyond the first hydration shell, mainly
due to direct interactions between the water molecules and the chiral protein.

The ordering pattern shown in Figure 4.6 can explain the remarkable sensitivity of
chiral SFG to the first hydration shell of LK7f in terms of symmetry-based chiral SFG
theory.?* The theory developed by Simpson in 2004 dictates that a surface-specific chiral
SFG response is allowed from an interface of uniaxial C» symmetry. In this context, the
lack of a reflection plane perpendicular to the interface is the hallmark of a chiral interface,
making it distinct from an achiral interface with C.y symmetry. The absence of a reflection
plane perpendicular to the interface is key to distinguishing chiral SFG from conventional
(achiral) SFG methods in providing selectivity to interfacial chirality. Figure 4.6a shows
that the ordering beyond the first hydration shell is striking but highly symmetrical. At least
two reflection planes of the water dipoles can be identified, 6, aligning with the B-strands
and o perpendicular to the B-strands (Figure 4.6a). Hence, water molecules outside the
first hydration shell are not in C, symmetry and thus are not chiral SFG active. In contrast,
the ordering of water dipoles in the first hydration shell is much less symmetrical. No
reflection plane in any direction can be identified, which is more evident in the plot of the
magnitudes of the water dipole moments (Figure 4.6¢).

An alternative illustration of the lack of symmetry in the first hydration shell is
presented in Figure 4.6f. This plot shows the magnitude of the sum of the water dipole

moment vectors within each 1-A annulus between concentric circles in the xy plane
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originating at the center point. A nonzero magnitude of this sum is a good indication of
asymmetry (chirality). The yellow, red, and blue regions roughly correspond to the area of
the protein, the first hydration shell, and the second hydration shell, respectively. The
region composed of the protein and the first hydration shell shows significant magnitude
of the dipole vector sum. The region beyond the first hydration shell shows little or no
magnitude, indicating radial symmetry across the two reflection planes (o) and 1) and
thus the water arrangement is achiral in C.y symmetry. However, the region within the first
hydration clearly shows non-zero magnitude, supporting that water arrangement is chiral
in C», symmetry.

We performed the same analysis for water dipoles below the water surface up to 14
A (Figure A4.5) and made the same observation. Water molecules in the first hydration
shell form a supramolecular structure with the uniaxial C» symmetry and thus are chiral
SFG active. Water molecules beyond the first hydration shell, however, are organized in
the Coy symmetry and hence are chiral SFG inactive. Consequently, the selectivity of chiral

SFG to the first hydration shell can be elucidated using the chiral SFG theory.*3

Conclusions

This study establishes the label-free selectivity of chiral SFG for probing
vibrational structures of water in the first hydration shell of proteins. The selectivity of
chiral SFG is based on chirality transfer from a protein to the first hydration shell. However,
proteins also impact water orientation and presumably dynamics beyond the first hydration
shell (Figure 4.6). Many label-free physical methods that can detect hydration of

biomolecules report on water well beyond the first hydration shell. For example,
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intermolecular Nuclear Overhauser Effect NMR can report on water molecules 4-5 A from
the surface of biomolecules, but the signal can be dominated by couplings between protein

1.¥% Terahertz spectroscopy

and water molecules far outside the first hydration shel
measures collective vibrations of water molecules averaged over water molecules both near
and far from the protein surface.**->° Although 2D-infrared spectroscopy is more sensitive
to localized protein vibrations and can provide site-specific insights on short-range protein-
water interactions, the technique lacks selectivity for the O-H stretch of water molecules
in protein hydration shells.>! X-ray crystallography and electron microscopy provide a high
level of site specificity of water interaction with biomolecules, but they are sensitive to the
most strongly associated water molecules and lack reliable data about more dynamic water
populations.>? Neutron scattering is selective for the first hydration shell; however, the

! restricting

method requires powder samples or highly concentrated protein solutions,’
applications for which in situ or interfacial measurements are desired. Conventional
(achiral) SFG has been used to probe hydration of protein and biomolecules at interfaces.
Nonetheless, this method detects all water molecules oriented by biomolecules (see Figure
4.6), lacking selectivity to the first hydration shell.>-8

The higher selectivity of chiral SFG for the first hydration shell will be beneficial
in answering many outstanding questions in molecular biology concerning both
intramolecular and intermolecular interactions of biomolecules. For instance, the structural
rearrangements and dynamical fluctuations of biomolecules that enable all molecular
functions® % %0 rely on the presence of water in ways that are still not understood. Most

importantly, the chemical details underlying the role of the first hydration shell in the

hydrophobic effect, protein denaturation, and protein folding remain enigmatic. With chiral
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SFG, the architectures and dynamics of hydration shells involved in protein-protein,
protein-ligand, protein-nucleic acid, and protein-lipid interactions, including
transmembrane proteins in amphiphilic lipid environments, can be investigated. To tackle
such important biophysical problems, chiral SFG methods rely on the synergy between
chiral SFG experiments and computational analysis, as demonstrated in this study. This is
especially true for extraction of chiral SFG vibrational lineshapes that are hidden in the
experimental spectrum (Figure 4.4). Such analyses will prove useful for relating the chiral
SFG responses of water to specific water-protein or protein-protein interactions.

Chirality transfer from small molecules to solvent has been observed in prior
studies,! but the exceptional sensitivity of chiral SFG to the chirality of the first hydration
shell around biomolecules at interfaces presents unique opportunities for exploring
questions relevant to the origin of life. Hydration, homochirality, and interfaces are
defining features of life. Understanding these aspects in the context of the origin of life®*
65 demands a technique that can detect chirality at interfaces. Water may have played a role
in the emergence of homochirality through the creation of extended chiral molecular
structures beyond the immediate borders of chiral molecules.?!: 6356 Furthermore, prebiotic
chemistry such as formation of peptide bonds may have taken place in microdroplets®’ at
the interface formed between water and air or between water and an organic phase. Our
discovery that chiral SFG exclusively selects for the first hydration shell around
biomolecules at interfaces positions chiral SFG to tackle new questions and produce new

insights about the emergence of biological life.
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Methods

Sample Preparation

(L-) LK7B (GL Biochem Ltd., Shanghai, China) and (D-) LK73 (AnaSpec, Inc, Fremont,
CA, USA) were obtained as lyophilized powders and dissolved in H>O (or H2!80) at I mM.
The peptide solutions (10 puL) were applied to the right-handed z-cut a-quartz surface. The
solution was dried in a desiccator and under nitrogen flow to prevent exchange of ambient

humidity with H>!80 in the hydrated protein film. Spectra were collected immediately.

Phase-resolved Vibrational Chiral SFG

The phase-resolved chiral SFG spectra reported in this study were performed using
a broadband SFG spectrophotometer, previously described.®® Chiral SFG recordings
utilized the psp polarization (p-polarized sum frequency, s-polarized visible, p-polarized
infrared). Spectra were collected along the +y and -y axes of the quartz calibrated to the
laboratory frame (see Appendix).’! For all reported spectra, 10—12 spectra (2 minutes each)
were acquired along both the +y and -y axes and averaged. The average spectra along the
+y and -y directions were normalized by the signal from the clean quartz surface and

subtracted:%%- 70

I
Im[y?]=—>—= (1)

Obtaining the phase-resolved vibrational chiral SFG spectrum of LK7p from 2900-3800
cm’! with our femtosecond broadband SFG spectrophotometer required collection in two
spectral windows (Figure A4.1). The frequencies of the SFG spectra in both spectral

windows were calibrated using a polystyrene standard (Buck Scientific; 0.05 mm film).
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The individual spectra were overlaid, normalized to the N-H stretching peak of LK

(~3270 cm™), and stitched to produce the overall spectrum (see Appendix).

MD simulations

Five LK7B (LKLKLKL) strands were arranged into an antiparallel 3-sheet that was
solvated in TIP4P-Ew water’! (a version of the TIP4P model adapted for Ewald
summation), with at least 1 nm of solvent on each side of the protein. The upper half of the
water was then removed, and chloride ions were added to neutralize the system, leaving a
slab with two vacuum-water interfaces, one of which contained the protein. The z-
dimension of the system was extended to create a vacuum region equal in size to the slab.
Periodic boundary conditions were applied in three dimensions. Acetyl groups were added
to the N-termini of the peptides, and amide (-NH>) groups were created at the C-termini to
stabilize the B-sheet. After an energy minimization, the slab was equilibrated in the NVT
ensemble for 6 ns at 298 K using Langevin dynamics (friction coefficient 1/ps, timestep 1
fs). The ff14SB force field was used for the protein.”? The particle-mesh Ewald method”
was used to treat long range electrostatic interactions. The SETTLE algorithm’ was used
to maintain rigid water molecules, and the SHAKE method’> was used to constrain bonds
involving hydrogens. For the production run, Langevin dynamics was propagated for 100
ns, storing a configuration every 10 fs. OpenMM 7.4 tools’® were used for equilibration
and production runs as well as for part of the system setup, and VMD scripts were used to
arrange the antiparallel B-sheet. An NVIDIA Tesla V100 GPU and CUDA 9.2 were used

to run the MD simulations. The Appendix contains details regarding equilibration. The
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trajectory was not wrapped to put the protein in the center for the SFG calculations, as the

calculation takes periodic boundary conditions into account.

Calculation of SFG spectra of subsets of water molecule
The inhomogeneous limit version of Skinner’s electric field mapping approach3®

38-40 was used to calculate spectra, as in our previous work.?!> 32 SFG signals derive from

the second-order susceptibility ( * ) of a system. Chiral SFG is distinct from the more
commonly reported achiral SFG because the two techniques probe different elements of

(2 by manipulating the polarization of the incoming radiation and the detector in
X y p g p g

different ways. The form of chiral SFG presented here (psp, see above) detects the

2 S .
orthogonal tensor component Ziyx) , which is only nonzero for chiral systems at the

. . 2
interface, whereas achiral SFG (e.g. ssp) detects nonorthogonal components such as ) iyz)

, which can be nonzero at any interface.?! In the calculations, we control the output element
of ¥ by analyzing particular components of the dipole and polarizability.”” This is

analogous to changing the polarization of the incoming radiation and detector in
experiments. Previous work by Simpson®} and Konstantinovsky et al.’?> has provided a
quantitative description of the ability of certain achiral molecules (such as water) to
produce chiral SFG signals when in a chiral superstructure.

In the construction of the exciton Hamiltonian, intermolecular couplings between
O-H groups on different molecules were neglected to allow clear separation of water
molecule subsets, but intramolecular couplings between O-H groups on the same molecule

were included.’? All water subset selections were done using in-house code. The
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MDAnalysis tool select atoms was used extensively for simple selections.”® See Figure

A4 .4 for a graphical illustration of our approach.

Using Voronoi tessellation to identify water molecule neighbors

The first hydration shell was defined using Voronoi tessellation. A Voronoi
tessellation of a set of points consists of cells containing the regions closer to each point
than to any other point in the set. We break down the atoms of the system into Voronoi
cells. Water neighbors of the protein are defined as water molecules for which at least one
atom’s Voronoi cell is in contact with a Voronoi cell belonging to a protein atom.” The
freud library” was used to access the Voronoi tessellation engine voro++%° from Python to
efficiently produce Voronoi tessellations and neighbor lists. Periodic boundary conditions
were taken into account by all water selections, including Voronoi tessellation. Within the
Voronoi diagram, the water molecules bordering a protein cell were considered the “first
hydration shell”, while the water molecules bordering the first hydration shell were
considered the “second hydration shell”. The “backbone” and “sidechain” subsets were
deliberately made to overlap somewhat (~46 water molecules shared between them in a
typical selection) to ensure that all water molecules in the first Voronoi shell were
considered. As a result, the numbers of water molecules in the two subsets add up to slightly
more than the number of water molecules in the first hydration shell. The hydrogen-
bonding criteria used in this work are a distance between heavy atoms less than 3.5 A and
a hydrogen-bonding angle greater than 135°. The distance cutoff was chosen to be larger
than is typically used to ensure that water molecules not hydrogen bonded to the protein

were highly unlikely to be engaging in any form of specific interaction with the protein.
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Calculation of local water dipoles on a grid

The average water dipole moments were obtained by adding the dipoles of the water
molecules at each grid point (based on the location of the oxygen) over the trajectory to
determine the total dipole at each grid point and subsequently normalizing this vector to
obtain the unit dipole vector. The grid point calculation was done as described previously.?!
A 100 ns trajectory was used to generate the images in Figure 4.4, with frames considered

every 1 ps for a total of 100,000 frames analyzed.

Analysis of retention time

A 100 ns trajectory was used to generate these data, with frames saved every 1 ps
for a total of 100,000 frames analyzed. The retention time plotted is the average time from
the arrival of a water molecule into a given subset (selection) to its exit from that subset

with a time resolution of 1 ps.

Summary of Appendix to Chapter 4

Description of the SFG spectrometer, fitting of experimental spectra, quartz only
spectrum (experimental), details of MD equilibration, details of selection methods for
water subsets, information about the construction of the exciton Hamiltonian for the
calculation of SFG spectra, illustration of the lack of a reflection plane in the first hydration
shell at various distances from the interface, unnormalized (non-unit) dipole moment

vectors around LK7p.
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Figure 4.1. The molecular system used for computational analysis of the chiral SFG response of water around
a protein. (a) An LK7p pentamer (black) at the vacuum-water interface forming an antiparallel B-sheet. The
protein is surrounded by ~1340 water molecules (yellow). (b) A top view of the LK7p pentamer with the
backbone highlighted in colors and the sidechains in gray. The aqueous phase is below this structure. (c) A
side view of the same pentamer with sidechains highlighted in colors and the backbone in gray. The polar
lysine residues are directed into the water, and the nonpolar leucine residues are directed into the vacuum.
Hydrogen atoms have been removed for clarity in (b) and (c).
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Figure 4.2. Experimental and computational chiral SFG spectra containing spectral contributions due to
water. (a) Full experimental spectrum in the N-H/O-H region of (L-) LK7p and (D-) LK7p. (b) Experimental
H>0 and H>'®0 spectra of the N-H/O-H region of a hydrated film of LK, revealing peaks due to water (red
arrows). (c¢) Calculated spectra of O-H stretch response for (L-) LK7p and (D-) LK7p. Inset shows small low-
frequency peak in the (L-) LK7B spectrum (raw data and smoothed curve). The low-frequency peak is
statistically significant compared to the spectral baseline noise (p=0.037, two-sided ¢-test).
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Figure 4.3. Almost all the chiral SFG response of water originates from the first hydration shell around the
protein. (a) The model systems used for this analysis contain the LK7f3 pentamer protein (yellow) together
with different subsets of water molecules: all water (black), the first hydration shell (red), and the second
hydration shell (blue). (b) Calculated spectra of the O-H stretch response from all water molecules (black),
the first hydration shell (red), and the second hydration shell (blue).
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Figure 4.4. Chiral SFG lineshapes of different subsets of water molecules around (L-) LK73. The names of
the plots for (b) and (c) indicate the region around the protein from which water molecules were taken for
each subset. For (d) through (i), HB stands for “hydrogen bonded”. “HB to NH” refers to the water accepting
a hydrogen bond from an amide N-H group. “HB to C=0" refers to the water donating a hydrogen bond to
an amide carbonyl group. The left-hand y-axes and the black spectra indicate the absolute signals to show the
relative intensities of the various spectra. The right-hand y-axes and the blue spectra indicate the chiral SFG
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signal per water molecule for each subset.
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Figure 4.4.
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Figure 4.6. Symmetrical and asymmetrical orientation of water molecular dipole moments outside and inside
the first hydration shell of the LK7f protein, respectively, at the vacuum-water interface. Water dipoles bisect
the H-O-H angle and point toward the water oxygen. (a) Top view of water dipoles at the vacuum-water
interface. The protein structure of LK7f (yellow) is the average conformation over the course of the MD
trajectory. Red and blue regions, respectively, indicate the first and second hydration shells. Water dipoles
point toward the protein due to the positive charges of the lysine residues. (b), (¢), and (d) Zoom-in details
of water dipoles in the blue, red, and orange boxes, respectively. (e) Zoom-in details of water dipoles in the
orange box with the magnitude of water dipoles represented by the relative length of the arrows. For water
dipoles outside the first hydration shell but still within ~40 A of the protein, two reflection planes
perpendicular to the interface, oy aligning with and o, perpendicular to the 3-strands, can be identified. For
water dipoles inside the first hydration shell, no such reflection planes can be identified. (f) The magnitude

of the vector sum of the water dipoles is plotted as a function of radial distance from the center of Figure
4.6a.
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Appendix to Chapter 4

Description of the SFG spectrometer

A detailed description and characterization of the custom SFG spectrometer utilized
in the studies can be found in Ma, et al.! Briefly, a 5 kHz ultrafast regenerative amplifier
(Spitfire, Spectra-Physics) is pumped by two Nd:YLF lasers (Empower, Spectra-Physics)
and seeded with a Ti:Sapphire laser (MaiTai, Spectra-Physics). The amplifier creates 120
femtosecond pulses with a total power of 6 W. A 50/50 beamsplitter is used to divide the
amplifier output along two paths. The first path (3 W) is passed through a custom pulse-
shaper yielding narrow-band pulses centered at 800 nm. The second path (3 W) is used to
pump a tunable optical parametric amplifier (TOPAS, Spectra-Physics/Light Conversion)
to generate broad-band infrared pulses. The resultant visible and infrared beams are
spatially and temporally overlapped at the sample surface. The SFG signal reflected from
the sample interface is dispersed with a monochromator, and the spectrum is collected with
a CCD. The polarization of the SFG, visible, and infrared beams for all experiments

reported in Chapter 4 was p-polarized, s-polarized, and p-polarized, respectively.?

Description of Fitting Experimental Spectra

In the spectral region 2900 — 3800 ¢cm™!, C-H and N-H stretching of the LK
protein, O-H stretching of water, and possibly additional signals due to Fermi resonance of
water can contribute to the vibrational spectra (for more information on vibrational
analyses of proteins, see Barth and Zscherp).? The experimental spectra in Figure 4.2b were

fit with Lorentzians according to:
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where w, is the resonant frequency of the ¢ vibrational mode, A, is the amplitude, T, is
the half-width half-maximum of the ¢ vibrational mode, and wy is the frequency of the
incident infrared. Therefore, each vibrational peak contributes three parameters (wy, 4,
[4). The minimum number of vibrational peaks needed to fit the experimental data (Figure

4.2b) is determined by residual analyses as shown in Figure A4.2. Eleven peaks are used

to fit the spectra, and they are tentatively assigned as shown in Table A4.1.

MD equilibration details

See the Methods section in Chapter 4 for more information about the MD
simulations. The equilibration was initiated with an energy minimization of the solvent.
This was followed by a 500 ps NVT equilibration of the solvent with a restrained protein
(force constant of 500 kcal mol!' A-2). Then the positions of the hydrogen atoms of the
protein were minimized. Subsequently, the system was minimized three times, gradually
reducing the restraints on the protein heavy atoms (100, then 50, then 10 kcal mol!' A-?),
followed by energy minimization of the entire system. This minimization was followed by
simulated annealing over 360 ps from 0 K to 298 K under NVT conditions, followed by 6
ns of NVT equilibration at 298 K. No NPT equilibration was done because of the vacuum-

water interface.
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Selection methods for water subsets

The subsets in Figure 4.4 were selected using a combination of MDAnalysis
selection logic,* in-house code, and the Voronoi tessellation library freud,> which uses the
voro++ engine® to efficiently generate Voronoi diagrams. All selections were restricted to
water molecules in the first hydration shell. All hydrogen bonds were identified if the
donor-acceptor heavy atom distance was less than 3.5 A and the donor-hydrogen-acceptor
angle was greater than 135°. This cutoff distance is larger than typically used for defining
hydrogen bonds because we wanted to ensure that the non-hydrogen-bonded subsets were
truly free from hydrogen-bonding interactions with the protein. Periodic boundary
conditions were taken into account for all water selections, including the Voronoi

tessellations and hydrogen bonding analyses.

Figure 4.4a (entire first hydration shell)

The freud library was used to generate a Voronoi diagram with points corresponding to all
atoms in the system. The neighbor list feature was then used to identify water molecules
with at least one atom’s Voronoi cell bordering the Voronoi cell of at least one protein
atom. All atoms in the water molecules were considered as possible neighbors to the

protein.

Figure 4.4b (backbone)
Backbone-associated water molecules were selected using the following MDAnalysis

selection logic: byres (resname HOH and (around 4.5 ((not resname HOH) and (name N
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H CA HA C O HNI HN2))) and (not around 3.0 ((resname LEU) and not name N H CA

HA C O HNI HN2) or ((resname LYS) and not name N H CA HA C O HN1 HN2)))

This selection was fairly liberal in terms of backbone-associated water molecules but

ensured that no water molecules closely associating with the sidechains were selected.

Figure 4.4c (sidechains)

Sidechain-associated water molecules were selected using the following MDAnalysis
selection logic: byres (resname HOH and (around 4.5 ((resname LYS) and not name N H
CA HA C O HNI HN2) or ((resname LEU) and not name N H CA HA C O HN1 HN2)) and

(not around 3.0 (not resname HOH) and (name N H CA HA C O HNI HN2)))

This selection was fairly liberal in terms of sidechain-associated water molecules but

ensured that no water molecules closely associating with the backbone were selected.

Figure 4.4d (backbone — not hydrogen bonded to protein)

First, molecules were preselected using the backbone MDAnalysis selection logic.
Then, all water molecules hydrogen bonded to the C=0, NH, or NH3* groups on the protein
were identified and excluded, and the remaining water molecules not hydrogen bonded to
the protein were considered in this selection. Both acceptor and donor scenarios were
considered for hydrogen bonds with NH, although water donor configurations that met our
hydrogen bonding definition were rare. The terminal NH> groups were also considered as

NH groups.
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Figure 4.4e: (backbone — hydrogen bonded to C=0)

First, molecules were preselected with the following MDAnalysis selection logic
to reduce the number of water molecules needing to be processed by our hydrogen bond
identification code (to improve performance with no effect on the result): byres ((resname
HOH) and (around 3.5 (not resname HOH NA CL Na Cl))). Then, water molecules

donating a hydrogen bond to a C=0 group were identified.

Figure 4.4f: (backbone — hydrogen bonded to NH)

The same procedure was followed as above with C=0 groups, except that water molecules
accepting hydrogen bonds from NH groups were considered. The water molecule donor
scenario was not considered after it was found that these configurations are rare and

produce a negligible SFG signal.

Figure 4.4g: (backbone, hydrogen bonded to C=0 with very short hydrogen bonds)

First, water molecules hydrogen bonded to C=0 were identified. Then, the following
MDAnalysis selection was used to identify water molecules forming very short hydrogen
bonds to the C=0 groups: byres ((resname HOH) and (around 1.6 (not resname HOH NA
CL Na Cl))).No water molecules were found to form such short hydrogen bonds to any

other functional group on the protein.
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Figure 4.4h (sidechains — not hydrogen bonded to protein)
The same procedure was followed as for the backbone-associated not hydrogen bond water

molecules, except the sidechain selection logic was used.

Figure 4.4i (sidechains — hydrogen bonded to lysine NH;s")
The same procedure was followed as for the C=O groups and NH groups, except water

molecules accepting hydrogen bonds from NH3" groups were identified.

Construction of the Hamiltonian for calculation of the SFG

spectrum

The exciton Hamiltonian for the SFG spectrum calculation was constructed as
illustrated in Figure A4.4. The main idea is to treat only the selected water molecules in
the exciton Hamiltonian and to regard those water molecules, the other water molecules,
and the protein as point charges influencing the local electric field, which in turn leads to
transition dipoles and polarizabilities for each selected O-H group. All water selections
began by selection of the first hydration shell (see Methods). The number of water
molecules in the selection could fluctuate slightly between frames without negatively
impacting the calculation because the calculation used the inhomogeneous limit

approximation, where the signal is conceived as a simple average of individual frames.
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Parameter Figure 4.2b Figure 4.2b Tentative
(L-) LK7B H2O (L-) LK7B Hy'*0 Assignments

[l 2950+ 1 2952 £ 1
Al -0.7+0.2 2.8+0.9 C-H (LK7B)
I 42+0.7 125+1.6
m2 2973+ 1 2970 £2
A -3.1+0.6 13.1+122 C-H (LK+B)
1> 13.1£1.3 343+9.1
3 2990 + 0* 2990 + 0*
As 40.7 + 0* 94.1 £35.6 C-H (LK+B)
I; 48.0+2.6 60.7 £ 0.0*
4 3000 + 2 3001 +7
A4 -36.7+3.2 71.1+19.7 C-H or N-H (LK7B)
Iy 56.6 £4.4 580+1.5
s 3151 £5 3125+4 O-H (H20) and/or
As -35.0+74 -46.3+10.3 F.R.** with H2O
s 119.5+16.8 125.7+£17.6 bend overtone
w6 3252 +£1 3255+1
As 741+2.9 -139.6+2.3 N-H (LK+B)
Ts 359+0.6 36.6 04
w7 3263 +1 3261 £1
A7 108.8 + 0.0* 179.1 £ 0.0* N-H (LK+p)
17 40.0£0.7 39.6+0.5
s 3366+ 6 3350+ 2
As 203 +4.0 78+2.1 O-H (H:0)
I's 85.9+10.0 50.1+6.6
9 3426 +2 3420+ 10
Ay 32+ 1.6 45+0.8 N-H (LK+p)
I 31.2+7.6 409+7.8
®i0 3468 + 2 3483 £ 1
Ao 1.6+0.2 1.4+02 N-H (LK7B)
Tio 20.0 £ 0.0* 20.0 £ 0.0*
i1 3555+ 10 3538+ 6
Al 344+18 95+ 1.5 O-H (H:0)
I'u 161.1£12.2 95.6+7.5

*Parameters held during fitting.
**F.R. = Fermi Resonance

Table A4.1. The fitting parameters (see equation 1, above) used for the 11-peak fitting shown in Figure A4.2.
Water contributions are suggested based on H2'30 substitution.
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Figure A4.1. The two spectral windows collected for each spectrum presented in Figure 4.2 in Chapter 4.
The two individual spectra were overlaid and normalized to the N-H stretching peak of LK7f at ~3270 cm’!
and stitched together at the point indicated with hashmarks. The noisy regions that appear at the high
frequency ends of the spectra are due to normalization of the broadband spectra by clean quartz. a.u.: arbitrary
units.
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Figure A4.2. Fitting and residual analyses of the fitting to the experimental spectra of (a) LK73-H2O and (b)
LK7B-H2'30 presented in Figure 4.2b in Chapter 4 with (from top to bottom) 11, 10, 9, and 8 vibrational
peaks. Fitting parameters for the 11-peak fitting (top row) are reported in Table A4.1. Individual vibrational
peaks of each fitting are shown as gray lines (these have been scaled to fit within the viewing window).
Residuals between the experimental data and the fitting are included above each spectrum. The residual
analyses suggest that 11 component vibrational resonances are needed to model the experimental spectra in
Figure 4.2b of Chapter 4.
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Figure A4.3. Chiral SFG spectrum of clean quartz substrate in the absence of LKsB. The spectrum is
normalized by GaAs. The spectrum shows no vibrational resonances. 2 mins. acquisition time. a.u.: arbitrary
units.
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Figure A4.4. A schematic of our adaptation of Skinner’s electric field mapping approach to calculate SFG
spectra arising from subsets of the water molecules in the system. Here, a is the transition polarizability

tensor, W is the transition dipole vector, U are the eigenvectors of the Hamiltonian, and A are the eigenvalues.
7 is the vibrational lifetime (1.3 ps here).
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8 A. Both unit vector and

water interface seen in Figure 4.6 in Chapter 4

extends to the bottom of the first hydration shell (~ -8 A). The water dipole pattern becomes completely
—14 A, but the greatest asymmetry is between 0 and
180

vector with magnitude representations are shown.

interface. The LK7f protein is shown in yellow. The blue lines are a guide for the eye. This Figure Ahows
12 to

Figure A4.5. Water dipole moment vector directions at various depths (in A) from the vacuum-water

that the lack of reflection plane perpendicular to the vacuum-

symmetric only at —



Figure A4.6. Unnormalized relative magnitudes of the dipole moment vectors at various locations around
LK7B. The ordering of water dipoles past the second hydration shell is minimal relative to the ordering near
the protein (see Figure 4.6 in Chapter 4 for comparison).
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Abstract

We develop an electrostatic map for the vibrational NH stretch (amide A) of the protein
backbone with a focus on vibrational chiral sum frequency generation spectroscopy (chiral
SFG). Chiral SFG has been used to characterize protein secondary structure at interfaces
using the NH stretch and to investigate chiral water superstructures around proteins using
the OH stretch. Interpretation of spectra has been complicated because the NH stretch and
OH stretch overlap spectrally. Although an electrostatic map for water OH developed by
Skinner and coworkers was used previously to calculate the chiral SFG response of water
structures around proteins, a map for protein NH that is directly responsive to biological
complexity has yet to be developed. Here, we develop such a map, linking the local electric
field to vibrational frequencies and transition dipoles. We apply the map to two protein
systems and achieve much better agreement with experiment than was possible in our
previous studies. We show that couplings between NH and OH vibrations are crucial to the
lineshape, which informs the interpretation of chiral SFG spectra, and that the chiral NH
stretch response is sensitive to small differences in structure. This work increases the utility

of the NH stretch in biomolecular spectroscopy.
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Introduction

Of the four key vibrational normal modes of the protein amide group, the NH
stretch mode (amide A) is perhaps the least studied. This is most likely because the NH
group and the OH group of water vibrate in the same frequency range (3000-4000 cm™),
and in most vibrational spectra of biological systems, the water signal overwhelms the
signal from the NH stretch. However, because the NH group participates in hydrogen
bonding interactions with both other parts of the protein during the formation of secondary
structures as well as the water around the protein, the NH stretch contains valuable
information about the local environment. Unfortunately, this information is hidden in
conventional vibrational spectroscopy, and it cannot be brought out with the use of DO to
shift the water response because the hydrogen atom of the NH group exchanges with water
and shifts in the same way.

The NH stretch can be isolated in higher-order spectroscopies. Vibrational chiral-
selective sum frequency generation spectroscopy (chiral SFG) with homodyne detection
can detect the NH stretch and help characterize protein secondary structures.!>? Ultrafast
methods such as two-dimensional infrared spectroscopy (2D-IR) can pick up the NH
stretch through its interaction with other modes as a cross-peak.>* Methods to model 2D-
IR and chiral SFG of large systems are closely related,> ¢ so being able to model one
method computationally corresponds to being able to model the other method as well. The
key task is to find a way to relate local environments seen in molecular dynamics (MD)
simulations to a fluctuating exciton Hamiltonian, which contains vibrational frequencies

5, 7-15

and couplings, and thereby extract structural and dynamic information about

molecular systems from spectra.
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In 2004, Simpson and coworkers established symmetry-based chiral SFG theory to
describe vibrational chiral SFG in the absence of electronic resonance as surface-selective
in uniaxial (Cx) systems.!® 17 Over the past decade, chiral SFG has developed into a
powerful technique for probing the secondary structure of chiral biomacromolecules at
interfaces and the solvent around them.!> '3-25 There are aspects of chiral SFG that are not
yet understood. For example, we do not have a straightforward mapping from chiral phase
(signal sign) to dipole orientation, unlike in conventional (achiral) SFG. However, chiral
SFG response of the NH stretch can provide vibrational signatures for distinguishing
secondary structure of protein,? and the phase of the response correlates with the absolute
chirality of protein.? Hence, being able to simulate the chiral SFG response of the protein
NH stretch can help interpret chiral SFG spectra of protein and extract information about
protein structure.

In addition, Petersen’s group used chiral SFG to demonstrate the existence of a
chiral spine of hydration in the minor groove of DNA.?¢ Later, we showed that chiral SFG
can also detect hydration structures around protein.?’-?? In particular, we demonstrated that
this technique is specifically sensitive to the first hydration shell of water around a
protein.?> However, the chiral OH signals produced by water overlap with the chiral NH
signals produced by the protein.® 27 Although signal at 3600-3800 cm™ can be
unmistakably assigned to the OH stretch, signal at lower frequencies may be due to the NH
or OH stretch. Previously, we showed that isotope labeling with H>'30 allows identification
of OH stretch peaks by red-shifting water peaks by roughly 12 cm™!.2% 2225 However, NH
and OH interact with each other. Thus, the spectral perturbation induced by the 80

substitution may also be due to a delocalized mode involving OH and NH. Furthermore,
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the NH stretch peaks provide useful structural information as well as information about
hydrogen-bonding interactions within the protein and between the protein and water.
Hence, the ability to model the NH stretch spectra will reveal information about not only
protein structures but also local interactions of water with the protein.

Vibrational spectra can be modeled computationally using MD simulations with an
electrostatic mapping approach or with a direct dipole-polarizability time-correlation
function approach.® 8-12. 14,15, 2838 Recently we used the Skinner group’s OH stretch
electrostatic map® 8193941 to predict chiral SFG signals produced by water around proteins.
This map links the electric field along the OH bond at the OH hydrogen to the vibrational
frequency, transition dipole, and transition polarizability. Although the map was developed

6.9,10,42,43 it can be extended to aqueous systems that include biomolecules

for pure water,
and their atomic partial charges, as shown in our previous work.! 2% 25 Of particular
interest is LK7[p, which forms a stable antiparallel B-sheet at the air-water interface. This
system is an ideal model system for SFG, which is inherently surface selective.***3
Although qualitative agreement was achieved between our computational and
experimental spectra of water hydrating LK at interfaces,'®-2% 25 the lack of NH peaks in
the computational spectra made comparison between experiment and theory challenging.
Any insights hidden in the NH response remained elusive.

The Mukamel group has developed maps for the vibrational modes of the peptide
bond group, including the NH stretch using N-methyl acetamide (NMA).# 30 Although
NMA contains all the relevant vibrational modes, it is very different from an actual protein

environment. The frequencies extracted from this map range from ~3400 to 3500 cm™'.

This range does not match the full range of frequencies exhibited by the NH stretch in
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biological systems.?* 2’ An alternative approach is needed to model lower frequencies and
understand complex biological environments.

Here, we report the development of an electrostatic map for the NH stretch of the
protein backbone. Previous work has demonstrated that the NH signal produced by proteins
is primarily due to the backbone.!> 2* Our map applies to all NH groups in the backbone
except C-terminal amide (NH3z) capping groups that most likely contribute little to the total
NH response. This map, together with previously developed maps for the OH stretch,
enables computational modeling of the full chiral SFG spectra, including both OH and NH
modes and the coupling between them. These full spectra contain information about the
local hydrogen-bonding environment and the protein-solvent interactions. In the future, our
map may allow simulation of 2D-IR and related spectra that directly probe energy
exchange between a protein and the surrounding solvent. Our map is validated using a
combination of previously published and new experimental data. We focus on two closely
related protein systems — LK7f3 (Ac-LKLKLKL-NH?) and LE7 (Ac-LELELEL-NH>).
Each is a seven-residue peptide consisting of alternating nonpolar and polar residues. The
nonpolar residue is leucine and the polar residue is positively charged lysine in LK7f3 or
negatively charged glutamate in LE3. These protein systems form antiparallel B-sheets at
the air-water interface. We find that the map reproduces the experimental chiral SFG
spectra of these systems quite well. Moreover, analysis of the spectra provides insights into
subtle differences in hydrogen bonding between the two apparently similar protein
systems. This analysis demonstrates that the NH group is a useful probe for the local
environment in biological systems when heterodyne chiral SFG attenuates the

overwhelming OH stretch background.
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Computational methods

Designing the NH stretch electrostatic map

Our NH stretch electrostatic map was based on Skinner’s method of mapping
electric fields around water molecules to spectroscopic quantities (i.e., vibrational
frequency, transition dipole, transition polarizability, vibrational couplings). In brief,
Skinner’s method® consists of running an MD simulation of bulk water using a water model
such as TIP4P,>! extracting small water clusters from the trajectory, performing density
functional theory (DFT) calculations to determine local vibrational frequencies and other
quantities, and correlating these properties to the local electric field (as calculated from
local point charges — this is distinct from the long range electric field that is typically
calculated using the Ewald method). Importantly, rather than optimizing the geometry of
the water cluster and using the Hessian to compute the harmonic frequencies, Skinner’s
group stretched the O—H bond and solved the vibrational Schrodinger equation for the
resulting one-dimensional potential energy curve.® This procedure results in more accurate
vibrational frequencies because it accounts for anharmonic effects and does not involve
relaxing (i.e., changing) the configuration for which the electric field is measured.

The first step of our development of an NH stretch electrostatic map was to generate
configurations of a relatively small protein that was amenable to DFT calculations but also
captured the essence of protein secondary structure. As both a-helices and B-sheets, the
two most common secondary structures in proteins, involve hydrogen bonds (H-bonds)
between NH groups and carbonyl groups, we focused on reproducing this interaction. We
selected a tetraalanine peptide that is able to fold on itself to produce an intramolecular

NH/carbonyl H-bond between the first (C=0) and fourth (NH) alanine residue (Figure 5.1).
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Because the NH stretch is highly local,>? the “folded” structure could effectively simulate
NH interactions that would occur in both a-helices and B-sheets. Capping groups (acetyl
on the N-terminal, -NH> on the C-terminal) were used to avoid charged terminus effects.
To overcome the significant thermodynamic barriers to this kind of folding, we conducted
a metadynamics enhanced sampling simulation with the distance between the NH nitrogen
and carbonyl oxygen as the collective variable and collected configurations sampling the
H-bonded state.” The simulation was performed in explicit TIP4P-Ew water>* with ~1000
water molecules. See the SI for details about the metadynamics simulation.

We also extracted configurations by sampling the non-H-bonded state and created
a separate electrostatic map for that case. In total, we extracted 400 “H-bonded” and 400
“free” configurations. In the free configurations, the NH group may still donate a H-bond
to a water molecule. (Note that NH as an acceptor from water is vanishingly rare in this
type of system.) We defined a H-bond using a heavy atom donor—acceptor distance cutoff
of 3.2 A and an angle greater than 135°. Because most free configurations of interest would
involve NH groups on the outer edge of -sheets or in unstructured loops, to ensure that
the free configurations were not close to the H-bonded ones, we only considered free
configurations where the donor—acceptor distance between the carbonyl oxygen and the
amide nitrogen was greater than 4.5 A, corresponding mostly to extended conformations
of tetraalanine. Intermediate configurations (3.2-4.5 A) were not considered for the maps.

After gathering these configurations, we extracted the entire peptide and the three
closest water molecules to the fourth residue’s NH hydrogen. We then stretched the NH
bond about the NH center of mass, keeping all other atoms frozen. The center of mass

remained stationary during the stretch, so each atom moved in inverse proportion to its
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mass. The NH distance ranged from 0.58 A to 1.70 A over 15 evenly spaced configurations.
We then performed single-point energy calculations on each configuration at the B3LYP/6-
311++G(d,p)>-? level of theory using Gaussian 16 with default convergence criteria.®
We also included implicit water using the conductor-like polarizable continuum model (C-
PCM) to account for polarization effects due to long range interactions with the bulk
solvent.®!"%* The inclusion of implicit water was necessary to bring the frequencies down
to the experimental range (~3200-3500 cm™'). We then solved the one-dimensional
Schrédinger equation for the resulting potential energy curve using the Fourier grid
Hamiltonian method® using 1,500 quadratically interpolated grid points for high accuracy.
We used the reduced mass of NH as the effective mass because both atoms were moving
about their center of mass. We used a scaling factor of 1.0006 for the frequency based on
comparing an analogous calculation with NMA in vacuum to the experimental value cited
by Mukamel and coworkers.** % To estimate the NH dipole derivative, we also performed
a constrained geometry optimization for each configuration, allowing only the hydrogen of
the NH group to relax, followed by a dipole derivative calculation for the NH stretch
mode.’

We then calculated the electric field at various points around the NH group. We
found that computing the electric field at points slightly past the hydrogen atom along the
NH bond led to better correlations. To maximize the accuracy of the map in complex
environments, we sampled the electric field at 51 (3 X 17) points, with one group of 17
points centered at 1.0 A past the N toward the H along the NH bond, a second group
centered at 1.5 A, and a third group centered at 2.0 A (See Figure A5.1 for details). For

each central point, the group of 17 points included 16 points located 0.1 and 0.2 A in all
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four directions from the central point along y and z. Moreover, the electric field was
sampled in three directions for a total of 153 electric field components. The directions were
defined by the NH bond (unit vector x), the vector perpendicular to the NH bond vector
and pointing toward the adjacent residue’s carbonyl carbon (unit vector y), and the cross

product of these vectors, Z=XXYy. We used these directions to set up our 51 points at each

center.

For both the design and application of this model, the electric fields were calculated
from the solvent charges (i.e., water molecules and ions) and the charges of the bound
carbonyl carbon and oxygen for the H-bonded configurations and from only the solvent
charges for the free configurations. TIP4P-Ew>* charges were used for the water, standard
parameters associated with the TIP4P-Ew model were used for the ions when present,57: 68
and the AMBER ff14SB force field® was used for the carbonyl group charges. Solvent
charges within 10 A of the NH sampling points were included. The distance cutoff was
applied to individual atoms. We found that including whole water molecules (if any atom
was within 10 A of the sampling point) produced essentially the same distribution of
frequencies and transition dipoles as an individual atom cutoff (Figure AS5.5).

During the model design stage, the calculated electric fields, as well as the
frequencies and transition dipole derivatives, were used to train a random-forest regression
model. The input is the 153 electric field components described above, and the output is
the frequency and transition dipole derivative for the specified NH group. We chose this
nonlinear model both because it offered better inference about the data than linear

regression (measured by r?) and because it tends to give more reasonable predictions for

rare cases where the input data falls outside the bounds of the training data. Such a model
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is robust to unexpected and complex environments. Random forest models tend to respond
to an extreme input with an output close to the edge of that produced by the training data,
which is a reasonable response for spectroscopy, where peaks do not generally shift past a
certain point regardless of the extremes of the environment. In contrast, linear regression
can produce wildly inaccurate predictions for even a small deviation from the training data
bounds. However, the 153-point model was designed to capture as much local complexity
as possible to avoid such edge cases. All r? values from the model were above 0.90 (see
the SI for details).

In addition, a linear regression model was designed to determine the transition, off-

diagonal, position matrix element defined as

Xy =(W, [£1¥,) ()
where  ~is the ground state vibrational wave function and v is the first excited state

vibrational wave function. In the model, the input is the frequency of the specified NH
mode, and the output is the transition position matrix element. The transition dipole could
then be approximated to first order by multiplying the transition dipole derivative by the
transition position matrix element. The combination of the random forest model and the
linear regression model constitutes the NH mapping model developed herein. The SI
provides more details about this model, including binaries that enable its direct use with
Python.

To apply this model, an MD trajectory of the system is propagated using the same
force fields as those used to train the model. For each configuration sampled, the electric
fields induced by the solvent and ion charges, as well as the H-bonded carbonyl group

charges for the H-bonded cases, are calculated for each NH group. The random forest
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regression map is used to determine the frequency and transition dipole derivatives from
these electric fields, and the linear regression model is used to obtain the transition position
matrix element from the frequency. These quantities can be used to compute IR, Raman,
or SFG spectra. Note that the same map can also be used to compute higher-dimensional
spectra from correlation functions, including 2D-IR. The development of the NH map is

summarized in Figure 5.2.

Estimating the relative intensities of the NH and OH vibrational response.

When spectra due to both NH and OH responses are calculated, the relative
magnitudes of quantities, such as the transition dipole and transition polarizability, are
important. The polarizability was approximated as a bond polarizability, so that the

transition polarizability is given by® 70

A

aOl,i}' = xOl((a\’\ - aj_ )ujuj + ai(l * J)) (2)

where ¢ is the transition polarizability tensor, x  is given by equation I, 056 is the
component of the bond polarizability parallel to the bond axis, ¢ is the component of the

bond polarizability perpendicular to the bond axis, u is the bond unit vector, and i and j are
indices or unit vectors representing the x, y, and z directions. The second term is zero for
chiral SFG, where the relevant polarizability component is either zy or zx,'? so only the
magnitude of the first term needs to be evaluated. For OH groups, Skinner and coworkers

used an aﬁ/ o ratio of 5.6.% The precise value of this ratio only controls the magnitude of

the chiral spectrum and does not change the lineshape, so for NH we chose to use the same

ratio. The ratio of the magnitudes of the polarizability derivative (OC:SO,NH / (X;SO’OH ) was
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estimated by calculating the transition polarizability derivative matrix associated with the
OH stretch for water and the NH stretch for NMA in vacuum to obtain the isotropic

transition polarizability derivative magnitude using*

’ 1 ’ ’ ’
aiso = g(axx + a}y + azz) (3)

where o , OC;V, and ¢ are the diagonal components of the resulting tensor. This ratio

(1.23/0.82) was then applied to the transition polarizability of NH as a prefactor in equation
2 to estimate the ratio of its magnitude to that of OH. Note that this ratio is quite close to
unity, so the relative prominence of NH peaks in the combined NH and OH spectrum does
not reflect a substantially larger transition dipole or polarizability, but rather the greater
chiral ordering of the NH groups relative to the water and the contribution of only the first
hydration shell to the water signal.?® If we had simply assumed the transition polarizability

derivatives were the same, the predicted spectra would have been very similar.

Intermediate configurations

The design of the map considered only groups that were very far from a recipient
carbonyl group to be free NH. In real systems, however, occasionally there is a nearby
carbonyl, but the H-bond between it and an NH group does not quite conform to our
definition of a H-bond (i.e., the heavy atom donor—acceptor distance is greater than 3.2 A).
In this case, we assigned the NH group in question to the H-bonded map as long as the

heavy atom donor—acceptor distance was less than 3.4 A.
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Calculating chiral SFG spectra using MD trajectories with electrostatic maps

Chiral SFG spectra were calculated from MD trajectories as previously reported by
our group,'? 2% 2 using a method originally developed by Skinner and coworkers.*! In brief,
the spectra were calculated using an inhomogeneous limit approximation, which neglects
dynamical effects but is much more computationally efficient than the time-dependent

approach.® 3% In particular, the absorptive (imaginary) component of the second-order

2 . .
response tensor component } k1S approximated as*!

Now v Nowsnu
J K
N or i 2 UbaaOLb 2 Uba‘u'Ol,b
> :

‘ A —w——-
¢ 2T

Im{ ) (@)] = Im

4)

where @ is the response frequency, U is the eigenvector matrix of the exciton Hamiltonian,

A is the eigenvalue vector of the exciton Hamiltonian, g, is the transition polarizability
tensor, p is the transition dipole vector, T is the vibrational lifetime, and the indices a
and b run over each OH and each NH group. The average is over all configurations sampled
in the MD trajectory. The exciton Hamiltonian matrix in the local-mode basis contains
vibrational frequencies on the diagonal and vibrational couplings on the off-diagonal. The
technical details for the calculation of the couplings have been described in previous
work.> 8 7! The transition dipole, transition polarizability, frequencies, and couplings are

obtained from the electrostatic maps described above and in previous work.% 8 10- 19, 20,25,

#1:4 To calculate chiral SFG spectra, the component y>) must be obtained from a uniaxial

system (i.e., a system with C,, symmetry). To simulate the effect of a uniaxial system from
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an MD trajectory, the quantity »() was obtained as y0) — yV) . as described in prior

work.!2

Experimental methods

The (L-) LK7B (Ac-Leu-Lys-Leu-Lys-Leu-Lys-Leu-NH>) (98.39% purity) and (L-
) LE7B (Ac-Leu-Glu-Leu-Glu-Leu-Glu-Leu-NHb>) (98.51% purity) peptides were obtained
as lyophilized powders (GL Biochem Ltd., Shanghai). For heterodyne experiments on
quartz substrate, stock solutions of (L-) LK7B at 1.0 mM and (L-) LE7p at 0.5 mM were
made by dissolving the powders in H,O (Millipore Synergy UV-R system, 18.2 MQ), or
in H2'30 (97%, SIGMA-ALDRICH Co., St. Louis, MO). The quartz substrate used in these
experiments was a right-handed z-cut a-quartz crystal (Conex Systems Technology nc.,
San Jose, CA), which was rinsed with copious H>O, dried with nitrogen, and plasma-
cleaned (Harrick Plasma; PDC-32G) on “low” for 15 min. Samples were prepared by
applying 5 — 10 pL of peptide solution directly onto the clean quartz substrate, which was
subsequently dried in a sealed container, with desiccant. The quartz substrate was used as
phase reference to obtain internal heterodyne spectra using a broad-bandwidth SFG
spectrometer’? following the procedure described previously.?% 2547 For the experiments
at the air-water interface, 1 mM stock solutions of (L-) LKp and (L-) LE;f were prepared.
(L-) LEsp was dissolved in phosphate buffer (10 mM pH = 7.4) and (L-) LK7B was
dissolved in H>O. Then, 100 pL of the stock solutions were added to 3.9 mL of 10 mM
phosphate buffer (pH = 7.4) in a Teflon dish using a Hamilton syringe to give a final peptide

concentration of 25 pM. The intensity of the main NH peak was monitored to determine
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when the system reached equilibrium, roughly two hours after addition of peptide.
Homodyne spectra were then obtained (see the SI). All stock solutions of the peptides were
prepared in batches and separated into aliquots, which were then flash frozen in liquid
nitrogen and stored at —80 °C. Aliquots were thawed on the day of the experiment and

discarded after use.

Results and discussion

Model protein systems

After developing our NH map, we applied it to two related protein systems, LK7[3
and LE;B. LK5f is a seven-residue peptide consisting of alternating lysine residues (polar,
hydrophilic) and leucine residues (nonpolar, hydrophobic).”> LK7f forms antiparallel B-
sheets at the air-water interface, where the leucine residues point into the air and the lysine
residues point into the water (Figure 5.3). LK7f is positively charged due to the lysines and
has been used as a model system for SFG studies.**’* LE7 is a closely related peptide that
has negatively charged glutamate residues instead of lysines. LE;f is negatively charged
but also forms B-sheets at the air-water interface. Folding at the interface makes LK73 and
LE-f ideal model systems for chiral SFG, which is interface-selective. Computationally,
we model LK[ and LE7p} as pentamers consisting of antiparallel B-sheets surrounded by
~1350 water molecules at the vacuum-water interface. We also added 15 CI” ions to the
LK7B system and 15 Na* ions to the LE7p system to neutralize the charged residues. We
have previously published both experimental spectra and calculations of the OH stretch

response for LK7pB,2% 2> whereas LE7B is a new system. We chose LE7f as a second test
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system because although it is similar to LK7p, it has a different polar sidechain with an
opposite charge. Our aim was to determine if we could detect any differences in the
antiparallel p-sheet structure between the two systems experimentally and
computationally. By so doing, we could generate experimental benchmarks to test our
computational methods. We have achieved qualitative agreement with experiment for
LK5B in the past.!®-2%25 For example, the phase of our calculated spectra of water OH flips
when the (D-) enantiomer is used instead of the native (L-) enantiomer, and the OH peaks
appear approximately at the correct frequencies. However, the quantitative agreement was
limited due to our inability to model the NH response of the protein backbone, which

dominates the total chiral SFG response. Here, we test our new NH map with the LK and

LE-f systems and compare to our experimental results.

Infrared (linear) response

Although the NH response dominates chiral SFG, it is but a small component of
the total vibrational response of these systems. Figure 5.4 shows the calculated IR spectrum
of the LK7p system, for water alone (black) and for the whole system (NH and OH),
including vibrational couplings between and among NH and OH groups (red). The two
spectra are almost identical. Therefore, the NH stretch contributes very little to the IR
signal. This is the central problem with using the NH group as a probe of local hydrogen
bonding structure — it is obscured by the water response. Chiral SFG solves this problem
because the water signal is heavily suppressed due to the small number of water molecules
in the first hydration shell. In addition, water molecules are not intrinsically chiral, and

their chirality is a higher-order phenomenon and therefore yields a more subtle effect.?® In
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contrast, the NH groups on the protein backbone are directly bonded to a chiral center, the

a-carbon. Heterodyne detection further resolves NH and OH peaks from each other.

Comparing computational and experimental results

After calculating the IR response with a combination of Skinner’s OH map and our
new NH map, we moved on to chiral SFG. Figure 5.5 shows the results of our calculations
for the heterodyne response of LK73 and LE7f. The calculated spectrum for LK7p (Figure
5.5a, i) consists of a positive, main peak at ~3336 cm’!, a negative peak at ~3575 cm’!, a
small but distinct negative feature at ~3457 cm’!, and a positive shoulder at ~3387 cm.
The calculated LE7f spectrum (Figure 5.5a, ii) consists of a small low-frequency negative
peak at ~3243 c¢cm™!, a shoulder at ~3303 ¢cm’!, a main peak at ~3346 cm’!, a distinct but
small negative feature at ~3467 cm’!, and a high-frequency negative feature at ~3610 cm-
!. Comparison to heterodyne SFG experiments (Figure 5.5a, iii-iv) illustrates that we have
achieved quite good agreement between experiment and theory for both systems, with both
the main peaks and the subtler features. Almost every peak in the calculated spectra has a
corresponding peak of the same phase and description in the experimental spectra. For
example, the “main” positive peak in the LK5B spectra at 3336 cm™! (Figure 5.5a, i)
corresponds to a similar peak in the experiment at 3277 cm™! (Figure 5.5a, iii). Similarly,
the calculated spectra capture the subtler features, for example the small negative feature
at 3457 cm™! in the LK7p calculated spectra (Figure 5.5a, i) corresponds to a very similar
feature at 3463 ¢cm™! in the experiment (Figure 5.5a, iii). The peak at ~3336 cm™ in the
LK5B spectrum is assigned to NH because it does not shift in the presence of H2'30.2° The

shoulder to the blue of the main peak in the LK7f spectrum and the small negative, kink-
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like, feature in both the LK and LEf spectra are due to complex interactions between a
broad OH peak and the main NH peak, as revealed in Figure 5.5b, i-iv. The high-frequency
negative peak is due mostly to the OH stretch in both systems. The shoulder and the
smaller, kink-like feature reveal how crucial it is to calculate the NH response as well as
the OH response even if one is not interested in the protein response — some OH-related
peaks appear only due to an NH/OH interaction. It is important to note that while the sign
of a chiral SFG peak may depend in some way on orientation, there is currently no clear
way to infer orientation from the sign of a peak, as is possible with some forms of
conventional (achiral) SFG (for example, the ssp polarization setting).

The only major features missing in the calculated spectra are the low-frequency
experimental signals at around 3125 cm! in the LK spectrum (Figure 5.5a, iii) and 3100
and 3175 cm™! in the LE7pB spectrum (Figure 5.5a, iv). This overall feature is common to
both systems in the experiment and is perturbed when H>'80 is used as solvent, indicating
a contribution from water.?> This feature may be due to a Fermi resonance or other
interaction not considered in the computational model. However, it is unlikely to originate
from the Fermi resonance between the OH stretch and the water bend, because the
resonance usually leads to features with higher frequency (around 3200 cm™).”> Indeed, we
tried including this Fermi resonance phenomenologically as a vibrational coupling with the
OH stretch following Skinner’s recent work.”> However, we could not computationally
reproduce these low-frequency peaks (Figure A5.6). Our group continues to investigate the
complex origins of these features.

The main peak in the theoretical and experimental heterodyne spectra (Figure 5.5),

which is mostly due to the NH stretch, as revealed by comparison to the NH-only and OH-
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only peaks in Figure 5.5b, shifts by 10—-15 cm! between LK7f and LEsB in both the
experimental and calculated spectra. In the experiment, it shifts from 3277 cm™! for LK
to 3290 cm™! for LE7B. In the computed spectra, the shift is from 3336 cm™ to 3346 cm™!.
This suggests that at least some NH groups in LE;} may experience weaker or fewer
hydrogen bonds than the NH groups of LK7f. This is somewhat unexpected because both
systems form stable antiparallel B-sheet structures as revealed by Fourier-transform
infrared (FTIR) characterization (Figure A5.7) and MD simulation. However, we analyzed
the average number of backbone H-bonds in the two simulated systems, and found that an
LK-B pentamer typically contains ~20 “strong” H-bonds (r < 3.4 A, angle > 135°) out of a
possible ~24, whereas an LE7[3 pentamer contains only ~17 on average. There are roughly
24 possible H-bonds between the strands because there are roughly six possible H-bonds
between each pair of strands and there are four inter-strand spaces in a pentamer. The
average “strong” H-bond length in LE-p is also slightly longer (only by 0.005 A, although
this is statistically significant, p < 0.001 from a two-sided t-test). It seems that the lysine
residues are a greater force for stabilizing the antiparallel b-sheet structure than are
glutamate residues. Alternatively, the shift may be due to a more complicated interaction
between the organizing forces of the nonpolar and polar residues. In any case, this finding
illustrates how the NH stretch can be used as a sensitive probe of hydrogen bonding
environments in proteins when its response is unmasked from the OH water stretches, even
when the proteins are very closely related. The results demonstrated that it is possible to
extract local structural information from the chiral SFG response of the protein NH stretch.

The chiral SFG spectra suggest that LE73 has a weaker antiparallel B-sheet structure

than LK5[, but the differences do not stop there. Figure 5.5b shows that in the calculated

202



OH-only spectra, the peaks due to the OH stretch are significantly red-shifted in the LE73
spectrum (Figure 5.5b, iv) compared to the LK spectrum (Figure 5.5b, iii) (from 3328
cm! to 3290 cm! for the positive peak, and from 3590 cm™! to 3560 cm™! for the negative
peak). This suggests, perhaps paradoxically, that although LE;p has a weaker b-sheet
structure, its interactions with and chirality transfer to water may be somewhat stronger
than the analogous LK-f interactions. LE;B possibly gives up some of its inter-strand
interactions in favor of interactions with water molecules. In any case, it is clear how,
together, the OH and NH stretch responses reveal a detailed picture of the structural

similarities and differences of the two related biological systems.

Theory matches experiments at the air-water interface

The heterodyne experiments were done with a quartz surface as a phase reference.
This is somewhat of a different environment compared to the computational model, where
the antiparallel B-sheet pentamers of LK7 and LE-f are at the vacuum-water interface.
We wanted to see if a true air-water interface experiment would agree with our theoretical
predictions as to the difference between LK7[3 and LE73. We obtained the homodyne chiral
SFG spectra at the air-water interface with both LK73 and LE7f in the spectral region of
3000-3800 ¢cm™! and compared to the homodyne chiral SFG spectra predicted by the OH
and NH maps (Figure 5.6). We find that the computational results match the experimental
blue shift of the main peak for LEsp relative to LK7 (from 3340 to 3350 in the calculated
spectra and from 3280 to 3305 in the experimental spectra) and correctly predict the lower-
frequency peak to be by far the dominant feature. In the experiment the high-frequency

response is very small, especially for LK, although it is not zero (see inset, Figure 5.6).
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In the calculated spectrum, the high-frequency features are larger relative to the main peak,
although they are still much smaller than the main peak. Overall, the calculated and
experimental results exhibit good qualitative agreement.

Although our map was designed to be robust and sensitive to complex biological
environments, there are features that may affect its accuracy. The map was designed to
work primarily with solvent-adjacent secondary structures. As a result, deeply buried
structures, for which water is far away, may not perform as well as structures closer to the
solvent. On the other hand, the electric field in the H-bonded configurations was dominated
by the H-bonded carbonyl group, so buried NH groups interacting with carbonyl bonds
could be expected to perform well using this map. Our observation of a disagreement
between experiment and theory for the lower-frequency peaks in the homodyne spectra
(Figure 5.6) as well as in the heterodyne spectra (Figure 5.5) suggests that the differences
are due to a deficiency of the map rather than a difference in experimental and
computational setups. The map was derived using a small, computationally tractable
peptide surrounded by water molecules and implicit water solvent. It is possible that this
environment was too aqueous and did not faithfully reproduce the environment
experienced by secondary structures with more hydrophobic surroundings. Future
applications of the NH map to larger proteins with true hydrophobic cores will test this
assertion further. It may be necessary to develop an extended NH map using less polar
implicit solvents to mimic hydrophobic cores. Another possibility is that the tetraalanine
peptide used to develop the map does not adequately sample strongly hydrogen-bonded
configurations as much as an actual protein backbone samples such configurations. Future

refinements of the map may weight strongly bound configurations more in the training of
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the model to capture low frequencies more faithfully. In any case, the agreement with
experiment found in the present work represents a significant step forward in the modeling
of chiral SFG. This map may also be extendable to model other kinds of vibrational
spectroscopy, including higher-order techniques such as 2D-IR.

It should be noted that although the lower frequencies are less accurate than the
higher frequencies using the current NH map, the map correctly predicts the qualitative
effect of a strong H-bonding environment. Figure 5.7 shows the average NH stretch
frequency predicted by the current map for each NH group in LK. NH groups directly
facing the solvent are shown as blue bars, and those facing inward are shown as yellow
bars. It is clear, with a few exceptions, that the NH groups facing inward have a lower
frequency than the NH groups facing the solvent. This is a result of a more stable H-
bonding environment “inside” the structure compared to the exterior surface of the protein.
The lowest average frequencies are found in the very center of the structure, as expected.
Note that there are actually two different maps being used here (see Computational
Methods), one for NH groups experiencing H-bonds with the protein and one for those not
experiencing such H-bonds. Future studies using this map might reproduce Figure 5.7 for

globular proteins and other structures with highly buried NH groups.

The role of vibrational couplings

One of the central advantages of being able to model the NH stretch response is the
newfound ability to model interactions between the NH and OH stretches, here modeled as
transition dipole vibrational couplings.*’> The data in Figure 5.8 shows the unexpected

importance of these interactions for both systems we studied. The NH-only spectra for both
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systems look very little like the NH-derived components of the full spectra and exhibit poor
agreement with experimental spectra. In particular, the NH-only spectra have a large
negative peak at ~3352 cm™! (Figure 5.5b,i-ii and Figure 5.8) that is not present in the full
spectra. Similarly, the OH-only spectra have a large negative peak at ~3590 cm™! (LK)
and ~3560 cm™' (LE7B) (Figure 5.5b,iii-iv and Figure 5.8) that is severely attenuated and
reshaped in the full spectra, even though there is no corresponding positive NH peak that
could attenuate these peaks by simple addition. In fact, adding the NH-only and OH-only
responses produces “total” spectra that are much farther from the experimental spectra than
the modeled spectra that include vibrational couplings (Figure 5.8, uncoupled spectra).
This suggests that vibrational couplings between NH and OH groups are a key component
of the chiral SFG response, which is perhaps not surprising given that vibrational couplings
play a formative role in the chiral SFG response of water by itself for fundamental,
symmetry-related, reasons.!” Although these findings do not negate the assignment of
chiral SFG peaks as “NH” or “OH” (the couplings are much smaller in magnitude than the
vibrational frequencies), they do suggest that an OH peak may contain the influence of an
NH oscillation, and vice versa. This may not be surprising, as we previously found that the
majority of the chiral SFG signals of water arises from the first hydration shell of the
protein.?® In general, the true picture of these condensed-phase systems is one of highly
delocalized vibrational excitons including many different molecular species. These
findings show that vibrational chiral SFG is more than a way to enumerate molecular
environments experienced by OH and NH groups. It is a way to study and document the

complex interactions between these species. Thus, interactions that would produce a slight
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frequency shift (if that) in linear (e.g., IR) spectroscopy radically reshape chiral SFG

spectra and are more visible as a result.

Treatment of hydrogen bonds of intermediate length

When we gathered tetraalanine configurations for the H-bonded and free NH maps,
we used a H-bond cutoff of 3.2 A between the heavy atom donor and acceptor. This cutoff
was chosen to ensure that the H-bonded configurations accurately represented the typical
situation of an NH group inside a B-sheet or a-helix. Free configurations were gathered
exclusively from unfolded tetraalanine molecules for the same reason. In real systems,
however, H-bonds within a secondary structure are occasionally slightly longer but in all
other ways resemble the H-bonded tetraalanine configurations more than the free
configurations. These situations were treated using the H-bonded map rather than the free
map, and the H-bond distance cutoff used for the calculation of the SFG spectra was 3.4 A
to capture these edge cases. We found that assigning the edge cases to the H-bonded versus
free map did not significantly change the chiral SFG spectrum, except by making the OH-
related shoulder at 3380 cm™ more pronounced in the 3.4 A cutoff case (Figure A5.2). This
similarity also shows that the H-bonded and free maps generally agree quite well on the
edge cases, where an inter-residue H-bond is nearly broken. This analysis suggests that the
two maps cover the entire range of likely environments around an NH group with some

degree of overlap.

The NH group as a useful vibrational probe
Although a great deal of effort has been directed toward developing electrostatic

maps for water and the amide modes,% & 11:12. 141571 few oroups have pursued the NH
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stretch.*” The main reason for the smaller number of models developed for the NH stretch
is that this mode is difficult to observe experimentally due to the overwhelming OH stretch
of water. This problem is largely solved by chiral SFG, where the NH signal is prominent
due to the chiral nature of proteins and the enhanced peak resolution afforded by
heterodyne detection. In contrast, the water signal is relatively small because only the water
molecules in the first hydration shell contribute significantly to the chiral SFG signal from
OH groups.?® Thus, chiral SFG is an ideal technique to study the environments experienced
by NH groups in complex biological systems with the caveat that “NH” peaks may contain
solvent contributions as well if they are not buried in a hydrophobic pocket. The presence
of NH-like groups on amino acid sidechains is unlikely to cause problems for chiral SFG.
The fact that we were able to reproduce almost all spectral features computationally for
LK7B while completely ignoring the lysine NH3" groups suggests that the high degree of
chiral ordering of the backbone eclipses any signal from the flexible sidechains. We have
also shown previously that the water molecules near the NH3" groups produce minimal

chiral SFG signal, possibly due to the ability of positive charge to disrupt water structure.?

Conclusion

The NH stretch map developed in this paper enables the simulation of full chiral
SFG spectra of aqueous proteins in the 3000-4000 cm™!' range. The NH maps developed
herein have distinct advantages over previously developed maps for modeling vibrational
responses. First, they were designed to model the protein environment around the NH
group using a tetraalanine peptide. Second, the design of these maps included the effect of

solvent both explicitly (through the inclusion of nearby water molecules in the tetraalanine
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configurations) and implicitly (through C-PCM implicit solvation in the DFT calculations
of the NH frequencies), thereby driving the NH frequency down to the experimental range.
Third, the map is based on a complete survey of the local environment through the electric
field at 51 points around the NH, including points beyond the NH bond. Finally, the
dependence of the transition dipole moment on the local environment is included by
mapping the transition dipole to the local electric field. However, one limitation of the
current map is that it was created with the AMBER ff14SB force field® and TIP4P-Ew>*
water and therefore must be used with these force fields to ensure accuracy.

Most importantly, this work has revealed the NH stretch to be a potent reservoir of
information about the local environment of the amide group, on par with the more-studied
amide I mode. Chiral SFG is ideally suited to probing this mode, as the problems of OH
interference almost disappear with this technique. One aspect of the OH stretch response
that does not disappear, however, is the coupling of this response to the NH response. We
show that coupling between the OH and NH stretch modes is vital to the creation of the
chiral SFG lineshape. This finding has implications for the ability of researchers to label
peaks as “OH” or “NH” via fitting or even with H>'®0 labeling. This work paves the way
for the NH stretch to become a more useful, informative probe in the biological
spectroscopy community. Although it can be probed easily by chiral SFG, the NH stretch
can also serve as a probe for other vibrational spectroscopy methods such as 2D-IR, which
can be modeled with the same type of NH electrostatic maps. Thus, the NH maps developed
in this work have implications for a wide range of vibrational spectroscopies applied to

diverse chemical and biological systems.
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Correction to Chapter 5

We recently discovered a minor technical error in the mapping procedure used to
compute the chiral sum frequency generation (chiral SFG) spectra in this paper. Due to an
error in the input files, some of the electric fields used in the electrostatic frequency map
for the NH stretch were obtained using an incorrect coordinate system, slightly altering the
frequencies for some NH groups. The effect of the error on the simulated chiral SFG spectra
was subtle. Corrected versions of Figures 5.4 — 5.8 are provided below, and the Appendix
contains corrected figurrees. The agreement between the simulated and experimental
spectra is essentially the same, and this correction does not impact any of the conclusions

of the paper.

Summary of Appendix to Chapter 5

Computational and experimental methods details, the effect of H-bond distance
cutoff on the chiral SFG spectrum, information about the Fourier smoothing process, effect
of transition dipole placement on chiral SFG, infrared amide I spectra of LK7f and LE7f3,
the effect of including Fermi resonance with the bending mode. Python scripts that show
the correct ordering of the electric fields for the random forest regression models and
binaries of the trained random forest regression models ready for use in Python can be

found at https://github.com/dkonstan/NH_map.
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tetraalanine, “folded”

—

o-helix

Figure 5.1. The mapping procedure relied on a small molecule (tetraalanine) mimic of the protein secondary
structure environment, which is a H-bond between a backbone NH group and a backbone carbonyl group.
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Figure 5.2. Top: H-bonded and free structures (400 each) were collected from a metadynamics simulation
of tetraalanine in water, and each type of structure was used to produce a map for the corresponding type of
environment. For a small cluster extracted from the system, the NH bond was stretched to map out a potential
energy curve, and an anharmonic vibrational frequency was calculated. The transition dipole derivatives were
estimated for a partially minimized structure of this cluster, and the transition dipole was approximated as
the product of the dipole derivative and the transition position matrix element given in equation 1. The electric
field was calculated near the NH group (Figure AS5.1) from the MD simulation. The vibrational frequency
and transition dipole were mapped to the electric field by a random forest regression model combined with a
linear regression model. The transition polarizability was inferred partially from the transition position matrix
element (equation 2). Bottom: The map was then used to estimate these quantities from an MD simulation of
the protein (yellow) in aqueous solution (black), and a chiral SFG spectrum was generated.
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Figure 5.3. LK7B is a peptide (Ac-LKLKLKL-NH>) that assembles into antiparallel B-sheets at the air-water
interface. Leucine residues are in yellow, lysine residues are in blue, and water molecules in the
computational model are red. The polar lysine residues face into the aqueous phase, while the hydrophobic
leucine residues face into the vacuum. LK is modeled as a five-strand 3-sheet with ~1350 water molecules
around it. LE7p forms the same structure (Figure A5.7), but with negatively charged glutamate residues
facing the solvent instead of positively charged lysines.
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Figure 5.4 (corrected). Computational IR spectra of the LK7f system for water alone (OH, black) and for NH
+ OH (red), including all vibrational couplings between and within each type of stretch. The NH stretch
contributes very little to the total IR spectrum. Spectra were obtained from 1 ns of sampling (100,000
configurations) using Skinner’s time averaging approximation’' to achieve a realistic peak width. All
vibrational couplings were included. a.u. = arbitrary units.
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Figure 5.5 (corrected). (a) Comparison of calculated chiral SFG spectra with heterodyne experimental results
for LK7B and LE7f. Note the blue-shift of the main N—H peak in LE+f vs LK7p in both the experiment and
the theory. All possible vibrational couplings are included. (b) NH-only and OH-only spectra, including only
vibrational couplings within these groups. All peaks are labeled. Calculated spectra are averaged over
10,000,000 configurations spanning 100 ns. Data for LK7B in panel (a, iii) is reproduced with permission
from ref 25. Copyright 2022 American Chemical Society. a.u. = arbitrary units.
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Figure 5.6 (corrected). Comparison of calculated homodyne spectra and experimental homodyne results for
LK7P and LE7P. Note the blue-shift in both theory and experiment between LK7p and LE7f. The inset in the
second plot from the bottom shows a detailed view of the high-frequency peak in the spectrum of LK7f that
is relatively low in intensity but undergoes some fluctuation (see Figure A5.12). Key peaks are labeled. The
computational spectra are not smoothed because the key peaks are very sharp. Calculated spectra are
averaged over 10,000,000 configurations spanning 100 ns. a.u. = arbitrary units.
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Figure 5.7 (corrected). (a) Average NH frequencies in LK78 by NH group number computed using our map.
The shading highlights the different B-strands, which are numbered at the top. The blue bars correspond to
NH groups pointing into the solvent, and the yellow bars correspond to NH groups on the inside of the 3-
sheet. The average frequencies were based on analysis of 100,000 configurations spanning 100 ns. For the
most part, the NH groups pointing toward the core of the LK7B pentamer (yellow) experience stronger H-
bonding interactions than those facing the solvent (blue), corresponding to lower vibrational frequencies. (b)
[lustration of the numbering scheme.
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Appendix to Chapter 5

Methods details

MD simulation

Five strands with the sequence Ac-LKLKLKL-NH; were arranged into an
approximate antiparallel B-sheet pattern using VMD tcl scripts. The LK7f system was
solvated with TIP4P-Ew water! using OpenMM tools,? ensuring that there was at least 10
A of solvent on each side of the antiparallel B-sheet. The protein was solvated with the
leucine residues facing up and the lysine residues facing down. The top half of the solvent
was then removed without changing the z-dimension of the box to create a vacuum-water
interface. At this point, the system was neutralized with 15 chloride ions. The preparation
for LE7p was the same except 15 sodium ions were used instead of chloride to neutralize
the system.

The equilibration protocol started with a minimization of the solvent using steepest
descent until convergence (within 10 kJ/mol), followed by 500 ns of solvent dynamics with
restrained protein. After this initial step, the hydrogen atoms were energy minimized with
frozen heavy atoms. Then the sidechains were minimized with a frozen backbone in three
steps with gradually reduced restraints on the backbone (100 kcal/mol-A2, 50 kcal/mol-A-
2 and 10 kcal/mol-A-?). Following these steps, the entire system was minimized without
restraints. After the minimization, the system was heated in the NVT ensemble from 0 to
298 K over ~350 ps. Finally, the system was equilibrated for 6 ns in the NVT ensemble.
No NPT equilibration was performed to preserve the interface. The production run was

performed in the NVT ensemble for 100 ns, saving configurations every 10 fs.
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The AMBER ff14SB force field®* was used for the protein, the TIP4P-Ew model!
was used for the water, and the standard parameters associated with the TIP4P-Ew model
were used for the ions.* > The particle-mesh Ewald method was used for long-range
electrostatic interactions.® Van der Waals interactions were cut off at 14 A with a switching
function that began working at 12 A. A Langevin integrator was used with a coupling
constant of 1/ps and a timestep of 1 fs at a temperature of 298 K. Since our spectrum
modeling code is aware of periodic boundary conditions, the trajectories were not wrapped
in any way, although each water molecule was confirmed to be intact. OpenMM tools?

were used for the equilibration and the production trajectories.

Fourier smoothing of spectra

Although the NH stretch signals converge relatively quickly, OH stretch chiral SFG
signals are relatively weak and do not converge to a smooth spectrum even when
10,000,000 configurations are considered, especially when intermolecular couplings are
included. To improve presentation, spectra were smoothed by Fourier transforming the
frequency-dependent complex SFG signal into the time domain, applying a decay
exponential function with a decay constant of 500 fs, and transforming back into the
frequency domain. This method resembles smoothing performed by Nagata,” Sulpizi,® and
others on the time correlation functions they used to calculate SFG spectra from MD
trajectories. The decay time was chosen to maximize ease of reading the spectrum without

removing any significant features (Figure A5.4).
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Applying the NH map to (D-) enantiomeric proteins

The x, y, and z directions used to sample the local electric field (Figure A5.1) are
defined in terms of the (L-) amino acid structure. In particular, the z direction is defined by
a right-handed cross product of the x and y unit vectors. Correspondingly, for the (D-)
amino acid structures, the cross product must be left-handed to sample the equivalent local
structure. This was accomplished by flipping the sign of the z component of the electric
fields for each sampling point for the (D-) amino acid structures. This adjustment is
required for the chiral SFG spectrum of the (D-) structures to be equivalent to (i.e., a mirror
image of) the spectrum of the (L-) structures. This problem does not exist for the Skinner

OH map because water is achiral and the electric field is defined along each OH bond.

Intermolecular couplings

Intermolecular couplings between OH groups, between NH groups, and between
NH and OH groups were approximated as transition dipole couplings. The effective
location of the OH and NH dipole (for the purposes of calculating the dipole-dipole
distance) was 0.67 A along the bond starting from the O or N toward the H.° This distance
was used by Skinner with TIP4P-like water based on a study of water dimers and was found
to provide the best fit to ab initio data. Since there is no equivalent simple system for which
to calculate couplings for NH, the strategy for finding the optimal dipole location is not
clearly defined. For this reason, we decided to simply use the same distance as Skinner did
for OH in our calculations for both OH and NH. We found that 0.67 A is a reasonable
distance to use based on the resulting phase of the NH peaks compared to experiment. In

particular, the lower-frequency peaks are positive for this distance but negative for certain
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other distances (Figure A5.5). The higher-frequency peaks are only mildly affected by the
dipole location. Note that Figure A5.5 shows the NH-only spectrum, which has an extra
negative peak in the middle of the spectral range that disappears when NH/OH couplings
and the OH contributions are considered. Future work may involve a more rigorous

optimization of the transition dipole location.

Vibrational lifetime

We used 1.3 ps as the vibrational lifetime in our calculations for both the NH and
OH groups, following Skinner’s value for OH.'> !! This decision has no significant
implications because the peak broadening produced by reasonable vibrational lifetimes is

insignificant compared to the broadening caused by environmental heterogeneity.

Metadynamics

A tetraalanine peptide (Ac-AAAA-NH;) was generated using the AMBER tool
tleap.!? This structure was solvated in TIP4P-Ew! water ensuring that there was at least 10
A of solvent on each side of the tetraalanine peptide (~1000 water molecules total). The
equilibration procedure was the same as that described above, except that an additional 5
ns NPT step was added because there was no interface for this system. A collective variable
was defined as the distance between the amide nitrogen of the fourth alanine and the
carbonyl oxygen of the first alanine. The NH group of the fourth alanine was used in the
derivation of the map. Metadynamics was performed using an OpenMM? biasVariable
object with a bias width of 0.82 A, as determined from the standard deviation of the N—O

distance in a separate, standard MD trajectory. The initial height of the Gaussians added to
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the potential was 1 kJ/mol, and the frequency of adding Gaussians was every 100 timesteps.
The bias factor was set to 10, which corresponds approximately to sampling the collective
variable as if the temperature were 10 times higher. The metadynamics simulation was
performed at 300 K for 500 ns using the Metadynamics tool of OpenMM, but only a
fraction of this trajectory was needed to extract configurations for the map. The
configurations used for the mapping procedure were obtained from frames at least 100 ps

apart.

Details of chiral SFG spectrum calculation

The spectra were calculated as reported previously using the method developed by
Skinner and coworkers.” 1% 13-15 The inhomogeneous limit approximation was used for all
spectra. One effect of this approximation is to slightly widen peaks due to neglecting
dynamical effects such as motional narrowing.!¢ The inhomogeneous limit approximation
was used because for biological systems of this size, using the polarizability-dipole time
correlation function is too expensive. The exciton Hamiltonian was constructed as reported
previously, except that NH stretch frequencies and couplings were used in addition to OH
stretch frequencies and couplings. The NH/OH couplings were calculated with the
transition dipole coupling scheme using the transition dipoles of the NH and OH stretches
calculated from the maps. The details of the NH map are described in Chapter 5, and the
details of the OH map can be found in the Skinner group’s foundational papers.!* 13- 17- 18
The spectral simulation code was written in Python, with performance-intensive parts in

optimized Cython. NumPy! functions were used throughout, except for matrix

diagonalization. The bottleneck step for large systems (i.e., the NH/OH spectra) is
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diagonalization of the Hamiltonian. This step was accomplished with the Google jax
library?° eigh routine. This calculation was performed in a massively parallel manner by

assigning a small number of simulation configurations to each of 1,000—10,000 CPUs.

Description of the random forest regression model

The random forest regression model provided by the scikit-learn Python library was
used to develop the NH map. The default parameters were used, as indicated in the
documentation at https://scikit-

learn.org/stable/modules/generated/sklearn.ensemble.RandomForestRegressor.html. The

fit qualities (r? values) were 0.95 for the H-bonded frequency map, 0.96 for the H-bonded
transition dipole derivative map, 0.94 for the free frequency map, and 0.97 for the free
transition dipole derivative map. The NH maps are provided in the pickled binary files
regressionHbonded frequency.pkl, regressionHbonded dipolederivative.pkl

regressionFree frequency.pkl, and regressionFree dipolederivative.pkl. The map

assembly script is also provided.

Fitting xy; (see equation 1) vs frequency (linear regression)

H-bonded: intercept: 0.1975, slope: -1.8228, r?: 0.9978.

Free: intercept: 0.19799, slope: -1.8361, r2: 0.9985.
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Experimental procedure of Fourier-transform infrared (FTIR) spectroscopy

Solutions of LK7B (1 mM) and LE7f (0.5 mM) were made by dissolving LK and LE7f3
in pure water. Then, 2 pL of the solutions were added to glass slides. The solutions were
dried by gently purging with nitrogen gas and kept in a desiccator for 50 minutes. The
FTIR spectra were taken by an attenuated total reflectance-FTIR (ATR-FTIR)
spectrometer (FTIR Shimazu IRTracer-100) with the protein samples on the glass slides
facing down on the sample stage with 256 scans, resolution of 4 cm™!, and scanning range

of 400-4000 cm™'.

SFG experimental details

Broadband SFG Spectrometer

The broadband SFG spectrometer contained a Ti:Sapphire regenerative amplifier (Astrella
F, Coherent, CA). The amplifier was seeded by a 40 fs 575 mW Ti:Sapphire oscillator
(Vitara S, Coherent, CA) that was pumped by an optically pumped semiconductor laser
(Verdi-G, Coherent, CA). A Nd:YLF laser (Revolution, Coherent, CA) with an output
of ~33 W pumps the amplifier with a final output of 9 W with a repetition rate of 5 kHz
and 100 fs pulse width. The output was split by a beam splitter with 2.3 W passing through
a pulse shaper to produce a narrowband 800-nm visible pulse. The remaining 6.7 W
pumped an optical parametric amplifier (TOPAS-PRIME, Coherent, CA) which was
coupled to a noncollinear difference frequency generator (NDFG, Coherent, CA) which
generated broadband infrared pulses tunable at 2.4 — 11 um (900 - 4000 cm™). The 800-

nm visible and the mid infrared beams are then spatially and temporally overlapped at our
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sample surface to generate the SFG signal, which is collected by a collimating lens and
focused into a spectrograph and ultimately detected by a cryogenically cooled CCD
camera. The infrared source is inherently p-polarized upon exiting the NDFG, while the
800-nm visible and SFG polarizations are selected using a waveplate and polarizer
combination. A complete description of the sample stage and detection optics is provided

in detail by Ma et al.?!

Phase Resolved Chiral SFG Measurements

The chiral SFG spectra of hydrated films of peptides were obtained following the procedure
reported in our previous studies, using an internal heterodyne approach where the sample
substrate is also the phase reference.?” 2 The sample was probed such that the quartz
substrate was positioned with an azimuthal angle at / = 90°(+y-axis) and then f* =270°(—
y-axis) with respect to the X-axis of the laboratory frame, where the Z axis is perpendicular
to the optical table and the XZ plane is the incident plane. To achieve chiral specificity of
the SFG probe, the spectra were recorded using the combination of p-polarized detected
sum frequency, s-polarized visible probe, and p-polarized infrared-probe (i.e., psp-
polarization). Spectra were an average of 10-12 spectra (2 minutes each) for LK7p and 20
spectra (2.5 minutes each) for LE;B. The cosmic rays in the spectra were then removed.
The intensity of the averaged spectra (Iy) was normalized to the intensity spectrum of clean
quartz recorded at f = 90°(+y-axis), i.e., lyuare 90. The heterodyne spectra were then

obtained by?*

I, -1
) [ =1} (1)

quartz 90
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Air-water interface measurements

For the measurements at the air-water interface, 3.9 mL of 10 mM pH = 7.4 phosphate
buffer was added to a Teflon beaker. Then, 100 pL of a 1 mM stock solution of either LK7[3
or LE7 was added dropwise to the interface using a Hamilton syringe to give a final
peptide concentration of 25 uM. After equilibration (~2 hours), spectra were acquired in
two windows and stitched together to cover the spectral region of 3000 — 3800 cm™! (see
Figures A5.10 and S5.11). Spectra of LE73 were acquired for 20 min with a width of the
narrowband visible of ~26.7 cm™!, while LK spectra were acquired for 5 min with a width
of ~20.3 cm!. The spectra were processed following the procedure described in detail by
Ma et al.?! For each spectral window, five spectra and five background measurements were
averaged. The background was subtracted from each spectrum. The resulting spectra were

then normalized to the non-resonant SFG spectrum of GaAs in the corresponding window.
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Figure AS5.1. The electric field was sampled at 51 (3x17) positions around the NH bond, in three
perpendicular directions for each position, for a total of 153 electric field components. The amide nitrogen
atom is in blue, the hydrogen atom is in white, the carbon atoms are in black, and the oxygen atom is in red.
The x-direction (red arrow) is along the NH bond. The y-direction (blue arrow) is toward the amide carbon
but perpendicular to x. The z-direction (black arrow) is perpendicular to the peptide bond plane. The script
eField ordering.py gives the ordering of positions for the electric field vector that is input to the random
forest regression models. This script also contains the precise locations of each point relative to the NH group.

234



Im[x{2)]/ a.u.

3000 3200 3400 3600 3800
Frequency / cm™1

Figure A5.2. Comparison of the chiral SFG spectrum for LK7f3 using two different definitions of an H-bond,
with a donor—acceptor distance cutoff of 3.4 A (black line) or 3.2 A (blue line). The effect of hydrogen bond
distance cutoff on the chiral SFG spectrum of LK} is modest. a.u. = arbitrary units.
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Figure A5.3. Influence of the exponential decay time for the Fourier smoothing on the chiral SFG spectrum
for LK7B. The decay time T = 500 fs was chosen for presenting the heterodyne data in this work because it is
a reasonable compromise between readability and reproduction of the original data. a.u. = arbitrary units.
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Figure A5.4. The effect of transition dipole placement (starting at the nitrogen atom and moving toward the
H along the NH bond) on the NH-only chiral SFG spectrum of LK7p. Note that the large negative peak is
absent in the NH/OH coupled spectrum. Using the original value of 0.67 A results in lower-frequency peaks
with a phase that matches experiment. The higher-frequency peaks are less affected by the placement of the
transition dipole. a.u. = arbitrary units.
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Figure AS.5. IR spectra of only the NH stretch in LK7f3 (1 ns, At 10 fs) using an individual atom distance
cutoff (10 A) for the electric field vs. including the entire water molecule if any atom is within this distance
relative to the sampling point (see Figure A5.1). The IR spectrum is nearly identical when whole water
molecules within 10 A are included or when an individual atom cutoff is used. For simplicity in
implementation, an individual atom cutoff is used in this paper. a.u. = arbitrary units.
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Figure AS5.6. The effect of including Fermi resonance of the OH stretch with the water bend according to the
method of Kananenka and Skinner.! Spectra are for the LK7p system. a.u. = arbitrary units.
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Figure A5.7. Fourier-transform infrared (FTIR) spectra of LK and LE+f films on glass in the amide I
region. Peaks around 1625 cm! indicate a primarily B-sheet structure.
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Figure AS.8. Spectra corresponding to the two spectral regions used to record the chiral heterodyne SFG

spectra of LE7f presented in Figure 5.5. The noise on the edges was amplified due to normalization to the
infrared profile. The centers of the infrared profiles used were ~3075 cm™ (left) and ~3550 cm™ (right).
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Figure A5.9. Spectrum of quartz alone.
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Figure A5.10. Homodyne spectra obtained in two spectral windows. They were stitched together to produce
the spectrum of LEf at the air-buffer interface (Figure 5.6). The spectra in the low-frequency (red) and high-
frequency (black) windows were obtained using infrared profiles centered at 2900 cm™ and 3200 cm™,
respectively. The noise level at the of each spectrum was amplified due to normalization to the infrared
profile. The black spectrum was scaled so that the high frequency tail of the red spectrum overlapped with
the black spectrum. The two spectra were stitched at the position indicated by the dashed line.
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Figure AS5.11. The two spectral windows that were stitched together to produce the homodyne spectrum of
LK7B at the air-buffer interface (Figure 5.6). The spectra in the low-frequency (red) and high-frequency
(black) windows were obtained using infrared profiles centered at 2875 cm! and 3175 cm’!, respectively.
The black spectrum was scaled so that the main feature at 3280 cm™ overlapped with the corresponding
feature in the red spectrum. The two spectra were stitched at the position indicated by the dashed line.
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Figure A5.12. Chiral SFG spectra of LK at the air-water interface (a) in the 3000-3800 cm™! region and (b)
an enlargement of the dashed window covering the lower intensity part of the spectra in the region of 3400—
3750 cm!. Some fluctuations of the very low SFG intensity at the high-frequency region were observed, and
their origin is still under investigation. The spectra, I-V, were acquired on separate days. On each day, a
frozen aliquot from the same stock solution of LK7f3 (1 mM) was freshly thawed and added onto the buffer
with a Hamilton syringe for the measurements.
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Chapter 6: Characterizing Interfaces by Voronoi
Tessellation

Adapted from the following reference with permission:
Konstantinovsky, D.; Yan, E. C. Y.; Hammes-Schiffer, S.

J. Phys. Chem. Lett. 2023 (Accepted).
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Abstract

The chemistry of interfaces differs markedly from that of the bulk. Calculation of
interfacial properties depends strongly on the definition of the interface, which can lead to
ambiguous results that vary between studies. There is a need for a method that can
explicitly define the interfaces and boundaries in molecular systems. Voronoi tessellation
offers an attractive solution to this problem through its ability to determine neighbors
among specified groups of atoms. Here we discuss three cases where Voronoi tessellation
combined with modeling of vibrational sum frequency generation (SFG) spectroscopy
yields relevant insights: the breakdown of the air-water interface into clear and intuitive
molecular layers, the study of the hydration shell in biological systems, and the acceleration
of difficult spectral calculations where intermolecular vibrational couplings dominate. The
utility of Voronoi tessellation has broad applications that extend beyond any single type of

spectroscopy or system.
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Interfaces play a central role in biological, chemical, and industrial processes. Most
biological processes occur in aqueous environments, and the interface between water and
the protein or nucleic acid often plays an important structural and functional role.!
Moreover, electrochemical processes critical to energy conversion, such as carbon dioxide
reduction and the oxygen evolution and oxygen reduction reactions, occur at metal-
electrolyte interfaces.*® The air-water interface is particularly important in atmospheric
chemistry that occurs on the surface of water droplets.”> ® Thus, developing both
experimental and computational methods for probing interfaces has widespread
applications.

One of the central challenges in vibrational spectroscopic approaches aimed at
probing interfaces is identifying the sources of the vibrational signals, which is often
achieved through simulation. Analysis of the simulations typically requires the dissection
of the system into interfacial regions and boundaries. Although distance-based cutoffs are
commonly used for this purpose, the cutoff definition can be arbitrary and therefore yield
inconsistent results. Voronoi tessellation defines interfaces and boundaries unambiguously
by dividing a space containing a set of points into cells (Figure 6.1a) and determining the
neighbors of each cell (Figure 6.1b).” A Voronoi cell consists of the area that is closer to
its central point than to any other point. Once a Voronoi tessellation is computed, it
becomes trivial to identify nearest neighbors of any set of points. Voronoi tessellation
offers a computational scalpel that allows the atomic-level dissection of complex systems
to help identify the sources of spectroscopic features.

Vibrational sum frequency generation (SFG) spectroscopy is a second-order

nonlinear spectroscopy that is surface-selective and thus is an excellent technique for
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probing both achiral and chiral interfacial systems.!%28 This technique involves overlapping
infrared (IR) and visible pulses in space and time on the sample and measuring the sum
frequency response. By manipulating the polarization of the IR and visible beams and that

of the detector, individual elements or a subset of the 27 elements of the susceptibility

tensor y(? can be isolated. Our group performs chirality-selective SFG (chiral SFG) using

the polarization that isolates the element ) , which is sensitive to chirality at interfaces,

including solvent chirality induced by a chiral solute.?®3! Our group also performs
: : . o : 2

conventional SFG (achiral SFG) using the polarization that isolates the element !>,

which is sensitive to interfaces but not chirality. The SFG process is coherent, which allows
for the extraction of the imaginary component of the response with heterodyne detection.!>:
16, 24, 26, 27, 32, 33 In achiral SFG, the sign of the peaks corresponds to the z-direction
orientation of corresponding dipoles, whereas in chiral SFG, the sign of the phase has no
clear physical meaning. Our group has used chiral SFG, in conjunction with molecular
dynamics (MD) simulations and spectral calculations using electrostatic frequency maps,*

to guide the interpretation of these spectra and study various biological systems.?* 262735,

36

Herein, we combine Voronoi tessellation with computational modeling of SFG to
reveal significant atomic-level properties of interfacial systems. We illustrate the power of
this strategy for three diverse applications. First, we show how Voronoi tessellation can be
used to divide the water at an air-water interface into well-defined layers, which then allows
the calculation of the SFG response from each individual layer. This type of analysis
provides insight into the hydrogen-bonding interactions between layers at the interface.

Second, we show how Voronoi tessellation can be used to define the first hydration shell
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around a protein at an air-water interface, and further dissect the first hydration shell into
water molecules near the protein backbone versus those near the sidechains. Simulation of
the chiral SFG response from each subset of water provides insight into the different
hydrogen-bonding interactions between the protein and water and assists in the
interpretation of the experimental data. Third, we show how the identification of the first
hydration shell around a biomolecule can be used to speed up simulations of chiral SFG
spectra without a significant loss of accuracy.

Although the pure air-water interface has been studied extensively, it is challenging
to divide the interface into well-defined layers to calculate the vibrational response of each
layer.!0- 1217, 19,3747 In some cases, SFG calculations of the air-water interface contradict

45, 48

each other due to subtle differences in definitions of interfacial layers. The popular
instantaneous liquid interface method*® relies on coarse-graining of the atomic density of
the system, which involves arbitrary parameters such as coarse-graining length and grid
size. By contrast, Voronoi tessellation defines layers unambiguously regardless of their
composition. We use this approach to computationally divide the interfacial water into
well-defined molecular layers (see Figure 6.2a and Appendix). In brief, we first add virtual
points above the surface, construct a Voronoi tessellation with a cell for each atom and
virtual point, and then identify the atom neighbors of the virtual points. If any one of a
water molecule’s atoms is a neighbor, the whole molecule is included in the first layer. We
repeat the procedure for subsequent layers using the previous layer’s atoms instead of the
virtual points. We then calculate the achiral SFG response of each layer (Figure 6.2b) using

two different water models, SPC/E and TIP4P-Ew.’%°! Future layer-by-layer SFG

simulations might use a higher level of theory (i.e., ab initio MD), following previous
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work,3”-5253 but this will most likely only allow convergence of the top few layers’ spectra
due to sampling limitations (i.e., ab initio MD trajectories cannot be propagated for enough
time to converge very weak signals). To obtain the necessary copious sampling, we use
classical force fields for this study.

We find that the top layer (layer 1, Figure 6.2a, red) produces most of the observed
signal (Figure 6.2b, red), as expected from previous analyses.*’ There is a positive peak at
high frequency (~3700 cm™) corresponding to free OH groups pointing up into the vacuum
and a negative peak at lower frequency (~3450 cm™') corresponding to OH groups pointing
down and interacting with the lower layer of water. Because red-shifting of the OH stretch
away from ~3700 cm™! is associated with stronger hydrogen bonding, this negative peak
corresponds to hydrogen bonded OH groups. However, the SFG response of layer 2 (Figure
6.2a, blue) is less obvious. Its lineshape is inverted compared to that of layer 1 (Figure
6.2b, red versus blue), with the strong hydrogen bonds being donated up into layer 1 rather
than down into layer 3 (Figure 6.2a, orange). This indicates that layer 2 and layer 1 have a
particularly strong attraction compared to those of other pairs of layers. Analysis of
hydrogen bonds between the layers (Figure 6.2¢) reveals that for both water models, the
hydrogen bond length is 2.88 A between all layers except that the water molecules donating
hydrogen bonds from layer 2 into layer 1 have shorter hydrogen bonds of length 2.86 A
with a hydrogen bond angle slightly closer to the ideal 180°. This stronger hydrogen
bonding corresponds to the water molecules pointing up from layer 2 into layer 1. This
analysis demonstrates the exquisite sensitivity of SFG to the substructure of the interface
as well as the utility of Voronoi tessellation in unraveling subtle molecular features when

combined with SFG modeling. We note that our SFG results for the first few layers are
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similar to those obtained by Kaliannan et al. using a probe-based layer identification
method.*® An advantage of Voronoi tessellation is that once the tessellation is done for a
given configuration, identifying any number of layers is computationally trivial, as there is
no need to probe each layer individually.

Although the SFG responses of layer 1 and layer 2 (i.e., the top ~5 A) are
significant, those of the lower layers are very small (Figure 6.2b). However, layer 3 (Figure
6.2a, orange) has a very well-converged SFG response that is similar to that of layer 6.2 —
molecules with OH groups pointing up have stronger hydrogen-bonding interactions, based
on the relative frequencies of the up and down peaks. This layer extends ~10 A below the
surface. Although our hydrogen bond analysis (Figure 6.2c) was unable to pick up any
significant differences between molecules pointing up and down in this layer, the SFG
response indicates a subtle asymmetry in this layer. This suggests that the orientations of
water molecules in layer 3 are still influenced by the interface, however slightly. Even
though we averaged over 10,000,000 frames and 100 ns of simulation, the layer 4 spectra
(Figure 6.2b, magenta) are poorly converged. However, both water models show a
lineshape curiously similar to that of layer 1 — molecules facing up have very slightly
weaker hydrogen bonds than molecules facing down. Together all these results suggest a
model where truly bulk behavior is not reached even ~16 A below the surface, contrary to
past suggestions that only the first several A are important.347

Although the SFG signal mostly originates within the first few water layers,* some
properties converge much less quickly. In particular, we calculated the average number of
water molecules that move between adjacent layers (normalized per water molecule) over

1 ps and found that the value does not converge to the bulk value even four layers down
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(Figure 6.2¢). The rate of interlayer water transfer from a given layer to the layer above it
increases with each subsequent layer, suggesting that the interface has slower diffusion in
the z-direction than the bulk and that this property does not rapidly approach a bulk value.
This implies that water molecules that are affected by the surface may not only include the
top few layers but may also include deeper regions as well. Voronoi tessellation has
enabled us to precisely define molecular layers and uncover hidden properties of the
interface and reveals that the definition of the interface is dependent on the property used
to define it.

In addition to defining molecular layers at interfaces, Voronoi tessellation can also
unambiguously define the hydration shell of a biomolecule.>® Our group has used Voronoi
tessellation to define the first and second hydration shells around the model system
LK5B, an amphiphilic peptide that folds into antiparallel 3-sheets at the air-water interface,
which makes it an ideal benchmark system for SFG studies.?” 3*> This system consists of
leucine residues that point into the air and positively charged lysine residues that point into
the water (Figure 6.3). LE;f contains negatively charged glutamate residues instead of
lysine residues, but it is otherwise very similar to LK7. We model each protein as a five-
stranded antiparallel B-sheet at the vacuum-water interface. Together, Voronoi tessellation
and chiral SFG reveal surprising differences between the hydration shells of the two similar
proteins.

In a previous study, we used Voronoi tessellation to identify the first solvation shell
but then used distance cutoffs to separate water molecules interacting with the backbone
from those interacting with the sidechains. This involved rather convoluted selection

criteria (see ref?’, SI) that ultimately did not perfectly remove the overlap between subsets,
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complicating spectral interpretation of the backbone- and sidechain-associated water
molecule contributions. Here, we greatly simplify the selection by defining “backbone
water” as those molecules that are direct neighbors of backbone atoms and “sidechain
water” as those that are direct neighbors of the ends of the sidechains (the NH3" group in
LK57B; the COO™ group in LE73) and are not also neighbors of the backbone (Figure 6.4a).
Voronoi tessellation enables precise yet simple partitioning of the first hydration shell into
components. The chiral SFG response of these subsets can then be calculated to reveal the
components of the total SFG spectrum.

We have previously shown that the main NH stretch peak in the chiral SFG
spectrum of LE7f is blue-shifted compared to the analogous peak in LK7[3. We argued that
this shift is due to significantly fewer backbone hydrogen bonds in LE7f compared to
LK7pB, which indicates weaker inter-strand hydrogen-bonding interactions in LE7[3, but we
did not analyze the OH stretch components of the spectrum.® Figures 6.4b and 6.4¢ show
that the first hydration shell and backbone water responses of LE7p are very different from
those of LK7[3, even though the systems appear similar. The OH stretch response of LE+f} is
both much smaller and somewhat blue-shifted compared to that of LK. The blue shift
might indicate that the hydration shell of LE;p is less strongly bound compared to the
hydration shell of LK7. However, hydrogen bond analysis reveals that this is not the case.
Instead, protein-water hydrogen bonds are actually somewhat stronger in LE7[3 compared
to LK7B (donor-acceptor distances of 2.74 £ 0.0002 A vs. 2.87 + 0.0002 A and angles of
164.58 +0.0083° vs. 162.56 = 0.0110°, mean + standard error). This analysis suggests that
the key variable in determining the chiral OH stretch response and the integrity of the first

hydration shell is the stability of the protein structure rather than the strength of the
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interaction between the protein and the surrounding water. LK7 forms a more stable
antiparallel B-sheet structure,’ and therefore its hydration shell maintains a more rigid
chiral structure. The blue shift and smaller response of LE73 compared to LK7f illustrates
differential chiral induction — a different degree of imprinting of chirality on achiral
solvent. Comparison of the two systems suggests that hydration water spectra can be used
to infer relative biomolecule stability in some cases. In addition, we find that the backbone-
associated water molecules contribute most of the lineshape in both systems (Figure 6.4c),
and the sidechain responses (Figure 6.4d) are quite small. This observation is consistent
with our previous work, where we found that water molecules hydrogen bonded to
carbonyl groups on the backbone were significant contributors to the chiral SFG response
of the first hydration shell, especially on a per-water-molecule basis.?’

In addition to revealing the structure of molecular systems, Voronoi tessellation can
also speed up the calculation of chiral SFG spectra. The SFG calculations presented thus
far have taken advantage of an approximation where intermolecular couplings between OH
groups are neglected. This approximation allows simple separation of water molecule
subsets and makes the exciton Hamiltonian matrix block-diagonal and thus trivial to
diagonalize.?’>%-¢2 However, in certain cases, intermolecular couplings are crucial to chiral
SFG spectra, and these make the Hamiltonian expensive to diagonalize. In particular, our
previous work showed that intermolecular coupling is critical to the modeling of the
combined NH/OH stretch chiral SFG response of LK7f.% If intermolecular coupling is
neglected, a downward-pointing peak (indicated by a dip) appears that is not found in the
experimental spectrum (Figure 6.5a). Our previous work also showed that almost all of the

OH stretch signal and the most relevant NH/OH couplings arise between the biomolecule
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and the first hydration shell.?’” Here we obtain the first hydration shell by Voronoi
tessellation, as discussed above, and then only consider the protein and the first hydration
shell in the exciton Hamiltonian to speed up the calculation.®

Figure 6.5a shows the result of the first-hydration-shell approximation along with
the full-system calculation for LK7B. All features found in the full-system spectrum are
present in the first-hydration-shell spectrum. The agreement with experiment is good
whether or not the approximation is applied, except for the low-frequency negative peak at
~3150 cm!, which is missing in all the calculated spectra and is a focus of ongoing efforts
by our group.®

Figure 6.5b shows the increasing speedup of including only the first hydration shell
as a function of system size. Using Voronoi tessellation to unambiguously define the first
hydration shell can significantly accelerate prohibitively expensive spectral calculations
and will enable modeling of vibrational spectra of large biological systems in the future
without a significant sacrifice in accuracy. Modeling chiral SFG spectra of large systems
will enable us to probe water-protein interactions of amyloids, antibodies, and other
biologically relevant systems and learn how surrounding water molecules shape, and are
shaped by, these systems.

We have shown a diverse set of three situations where Voronoi tessellation
combined with SFG modeling yields insights. First, we demonstrated that Voronoi
tessellation allows the dissection of the air-water interface at a high level of detail, yielding
new findings about interface structure and thickness. We then showed that Voronoi
tessellation enables detailed analysis of the differences between the first hydration shells

of closely related protein systems. Finally, we used Voronoi tessellation and the knowledge
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that chiral SFG is largely selective to the first hydration shell?’ to greatly simplify and
speed up the calculation of vibrational spectra of highly coupled condensed-phase systems.
Although we restricted our study to SFG, the Voronoi tessellation approaches developed
here can potentially be applicable in a variety of molecular contexts, for example in the
analysis of surface-selective attenuated total reflectance IR spectroscopy (ATR-IR)
experiments, protein-protein interactions, and biomolecule-lipid interactions. These
approaches will also be applicable to the SFG study of charged aqueous interfaces relevant
to electrocatalysis. Altogether, our findings demonstrate the remarkable power of

combining Voronoi tessellation with modeling of vibrational spectroscopy.

Summary of Appendix to Chapter 6

The Appendix contains a detailed description of computational methods used in
this study. The Voronoi tessellation analysis code used in this study can be found at

https://github.com/dkonstan/VoronoiSelection along with an example script.
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Figure 6.1. a) A two-dimensional Voronoi tessellation, where each cell consists of the area closer to the
central point than to any other points. b) Finding neighbors of a set of points is straightforward once the
Voronoi tessellation has been made. Here, the dark blue cells are the neighbors of the red cells.

260



4 b 500 4
0.
-500 -
4 A — S .
2500 2900 3300 3700 zoomed in
200 1
8A 500
5 o~
. 0 4
© -500
~~ T T T T T T
—_— 2500 2900 3300 3700 2500 2900 3300 3700
16 A — a8
= 1 - ; \ -
01 \
-500 - v
2500 2900 3300 3700 2500 2900 3300 3700
500 - o]
0
-500 - 51
| 2500 2900 3300 3700 2500 2900 3300 3700
Frequency /cm'
Layer H-bond H-bond transfers H-bond H-bond transfers
length (A) angle (°) per molecule length (A) angle (°) per molecule
1
sPc/E 1 2.86+0.0006 158.59 + 0.04 0.106 + 0.001 2.88 +0.0005 157.30 + 0.04 0.154 + 0.002
TIP4P-Ew | 2.86 +0.0005 159.94 + 0.03 0.102 + 0.001 2.88 + 0.0004 158.85+ 0.03 0.147 + 0.002
2 A
sPC/E T 2.88+0.0006 157.32 +0.04 0.130 + 0.002 2.88 +0.0006 157.09 + 0.04 0.134 + 0.002
TIP4P-Ew | 2.88+0.0005 158.62+0.03 0.125+0.002 | 2.88+0.0005 158.55 £ 0.03 0.128 + 0.002
3 |
SPC/E T 2.88+0.0006 157.310.04 0.147 + 0.002 2.88 +0.0006 157.03 + 0.04 0.149 + 0.002
TIP4P-Ew | 2.88 +0.0005 158.72 + 0.03 0.145 + 0.002 2.88 + 0.0005 158.59 + 0.03 0.146 + 0.002
A
4 |

Figure 6.2. a) Water surface separated into layers (layer 1 — red, layer 2 — blue, layer 3 — orange, layer 4 —
magenta) using Voronoi tessellation and neighbor analysis. b) Computed achiral SFG spectra using two
different water models, SPC/E (gray) and TIP4P-Ew (colors corresponding to those in part a). ¢) Analysis of
hydrogen bonds and molecule diffusion between water layers for SPC/E (purple) and TIP4P-Ew (orange)
systems. The arrows indicate either donation of a hydrogen bond from one layer to the adjacent layer or the
transfer of water molecules from one layer to the adjacent layer over 1 ps. Values are shown as mean +
standard error.
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Figure 6.3. a) Structure and chemical properties of leucine (L), lysine (K), and glutamate (E). b) LK73 and
LE7P peptides. c) These peptides form antiparallel B-sheets at the air-water interface, where polar residues
lysine (K) or glutamate (E) point into the solvent while the hydrophobic residue leucine (L) points into the
air; top view of aqueous LK7f. d) and side view of aqueous LK7[3.
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Figure 6.4. (a) Voronoi tessellation-based selections of water molecules near the backbone (red) and near
sidechains (blue) of LK7f (transparent yellow). (b) Computed first hydration shell OH-stretch response for
LK7B (black) and LE7f (red). (¢) Computed backbone-associated water OH-stretch response for LK7p and
LE+B. (d) Computed sidechain-associated water OH-stretch response for LK7f3 and LE7f.
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Figure 6.5. a) NH stretch / OH stretch chiral SFG spectra of LK7p and surrounding water, showing the modest
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Appendix to Chapter 6

Computational methods

Molecular dynamics (MD) simulation of protein

LK7B (Ac-LKLKLKL-NH)!** and LE7f (Ac-LELELEL-NH)* were modeled as
five-stranded antiparallel B-sheets. The strands were arranged in antiparallel form using
VMD tcl scripts. The structure was solvated by at least 10 A of TIP4P-Ew water® on all
sides. Half of the water was removed to create an interface. The leucine residues faced
toward the vacuum in both systems. The amino acid charges were then neutralized with 15
chloride ions (LK7P) or 15 sodium ions (LE7f). The structure was then equilibrated.

The equilibration began with solvent energy minimization followed by 500 ps of
solvent equilibration with restrained protein (200 kcal mol'A-?). The protein hydrogen
atoms were then minimized, followed by minimizing the energy of the entire system with
gradually diminishing restraints on the protein backbone atoms (100 kcal mol-'A2, 50 kcal
mol A2, 10 kcal mol'A-?). The entire structure was then minimized. Then, the system was
heated over ~360 ps from 0 K to 298 K by performing molecular dynamics (MD) under
constant volume. This was followed by 5 ns of MD equilibration in the NVT ensemble.
NPT equilibration was not performed to avoid collapsing the vacuum region and damaging
the protein structure.

The production MD trajectory was propagated in the NVT ensemble for 100 ns,
saving configurations every 10 fs for a total of 10,000,000 frames. Hydrogen-containing
bonds in the protein were kept rigid with the SHAKE algorithm,® and water molecules were

kept rigid with the analytical SETTLE algorithm.” Particle mesh Ewald summation® was
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used to calculate long-range electrostatics, and a nonbonded cutoff of 14 A was used with
a switching function that began at 12.6 A. OpenMM 7.6 tools® were used to conduct the
equilibration and production simulations on GPUs on a Yale University cluster.
Trajectories were wrapped to ensure the slab was in one piece. This is necessary for the
new generalized implementation of the Voronoi tessellation analysis and was not required
in our previous studies. A Langevin integrator was used for all MD with a temperature of

298 K, a friction coefficient of 1 ps™!, and a timestep of 1 fs.

MD simulation of the air-water interface

Interfacial water simulations were performed twice using both the TIP4P-Ew> and
SPC/E'® models. The systems contained roughly 560 water molecules each. For each
simulation, the equilibration consisted of energy minimization, heating over 360 ps using
Berendsen pressure coupling!! (1 atm), an NPT equilibration for 1 ns, and an NVT
equilibration for 1 ns. The z-dimension was then increased from ~32 A to 100 A to create
a slab with two interfaces. The resulting system was equilibrated in the NVT ensemble for
1 ns. This was followed by a 100 ns production trajectory, saving configurations every 10
fs. A nonbonded cutoff of 8 A was used because the systems were small. All other aspects
of the equilibration and simulations were similar to the protocol for proteins described
above, except the simulations were performed using Amber 20!2 and the systems were built

with tleap.
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Voronoi tessellation and neighbor identification

For each configuration of the system, a Voronoi tessellation was created using the
freud library,'* which uses the voro++ code'* as a backend. Periodic boundary conditions
were considered. For performance, Python sets were used throughout when searching lists
for values. The Voronoi tessellation was performed only once per configuration regardless
of subsequent analyses. Two layers of virtual points above the top surface of the slab were
added to the end of the list of atom positions before calculation of the Voronoi tessellation.
This ensured that Voronoi tessellation did not accidentally select atoms from the bottom of
the slab as neighbors of atoms on the top surface due to periodic boundary conditions. The
virtual points were first laid out on a 1 A grid above the top surface, and then the positions
were shifted randomly (~0.1 A) in each direction to prevent point regularity, which can
crash voro++. All selections were conducted by residue — if one atom of a water molecule

was a neighbor, the entire molecule was selected.

Layer-by-layer breakdown of the air-water interface
Virtual points were placed above the top surface, and the neighbors of the bottom
virtual point layer were considered as layer 1. The not-yet-selected neighbors of layer 1

were considered layer 2, and so on. All selections were conducted by residue as above.

Hydrogen bonding analysis
Hydrogen bonds between proteins and water and within proteins were analyzed
using the MDAnalysis HydrogenBondAnalysis tool.!> Hydrogen bonds between layers at

the air-water interface were analyzed manually. A donor-acceptor distance cutoff of <3.2

271



A and an angle cutoff of >135° were used for all hydrogen bond analyses. A total of 10,000

frames over 100 ns of simulation were analyzed in all cases.

Calculation of SFG spectra

Chiral SFG spectra were calculated as previously described using the Skinner
group’s OH stretch electrostatic map!'®!® and the inhomogeneous limit approximation.
Achiral SFG spectra were calculated in a similar way. No damping of the bottom surface

120 was needed for the achiral SFG calculation because the bottom surface was not

signa
considered in the Voronoi tessellation selections. In calculations that include
intermolecular couplings, the solvent outside the first hydration shell was treated as point
charges influencing the electric field experienced by the protein and hydration shell. (Note
that the protein and hydration shell themselves also influence the electric field.) From the
electric field we obtained spectroscopic quantities as described in earlier studies.”* 2! All

other spectra included only intramolecular couplings. A total of 10,000,000 frames over

100 ns of simulation were analyzed.

Voronoi tessellation code

Voronoi tessellation and by-residue neighbor analysis are facilitated by the Python
class VoronoiSelection, which requires the NumPy, MDAnalysis, and freud libraries. Use
of the class ensures that the Voronoi diagram is only calculated once per configuration and
offers a simple interface for calculating layers, hydration shells, and so forth. The code and

an example script can be found at https://github.com/dkonstan/VoronoiSelection.
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