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Abstract

Knowledge of how intermolecular interactions change hydration structures surrounding
DNA will heighten understanding of DNA biology and advance drug development. However,
probing changes of DNA hydration structures in response to molecular interactions and drug
binding in situ under ambient conditions has remained challenging. Here, we apply a combined
experimental and computational approach of chiral-selective vibrational sum frequency generation
spectroscopy (chiral SFG) to probe changes of DNA hydration structures when a small-molecule
drug, netropsin, binds the minor groove of DNA. Our results show that chiral SFG can detect water
being displaced from the minor groove of DNA due to netropsin binding. The results show the
promise of chiral SFG in offering mechanistic insights into roles of water in drug development
targeting DNA. Our work demonstrates the power of chiral SFG to detect changes in first hydration
shell structures of DNA and other biopolymers for investigating molecular mechanisms of

biological processes.
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Introduction

Water stabilizes DNA folding and mediates interactions of DNA with other molecules,
such as proteins, small bioactive molecules, and therapeutics.!-2 Drugs targeting DNA molecules,

4 and antibiotics,’ have different binding modes, including major

such as chemotherapeutics™
groove binding,® minor groove binding,” and intercalation between base pairs.® These binding
modes differentially perturb water structures hydrating the DNA major groove, minor groove, and
backbone.” Rational drug design targeting DNA can benefit from knowledge about these distinct
perturbations to DNA hydration structures. Although structural determination techniques, such as
X-ray crystallography,!® NMR,!! and neutron scattering techniques,'? can provide information
about hydration of DNA, they require growth of crystals, high concentration of samples, and/or
low temperature, posing challenges in studying hydration in wider experimental contexts. Optical
methods, on the other hand, can overcome these barriers. For example, terahertz spectroscopy can
probe collective motions of water surrounding DNA,!* Raman spectroscopy coupled with

14. 15 and two-dimensional

multivariate curve resolution analysis can probe hydration water,
infrared spectroscopy!® can use site-specific vibrational probes to observe hydration structures.!”
¥ Nonlinear spectroscopic techniques including sum frequency generation (SFG)! and second
harmonic generation?® have also been used to probe hydration in both inorganic?! and biological

20.22 a5 well as biological function of biomolecules.?* Here, we show that chiral SFG can

systems
probe perturbations of DNA hydration structures due to DNA-molecular interactions, with

selectivity to water molecules in the first hydration shell of DNA.

Chiral SFG probes vibrational structures of chiral biomacromolecules,?*?° detecting chiral
macroscopic arrangements of functional groups, such as amide vibrational modes in protein
secondary structures®*-32 and C-H stretches in DNA duplexes.?® 3334 Chiral SFG requires a visible
beam and an infrared beam to overlap to generate the second-order sum frequency signals.?> 3¢
When the frequencies of the visible and SFG beams are not in resonance with an electronic
transition, chiral SFG is surface specific.?® 37-3¥ Chiral SFG can even detect achiral molecules
arranged in chiral supramolecular structures, thus allowing probing of vibrational structures of

water molecules in hydration shells of chiral biomacromolecules.?**! The Petersen group showed

that chiral SFG signals can detect OH stretches of water around DNA.*? However, the origin of

https://doi.org/10.26434/chemrxiv-2024-czx5t ORCID: https://orcid.org/0000-0001-9554-776X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-czx5t
https://orcid.org/0000-0001-9554-776X
https://creativecommons.org/licenses/by-nc-nd/4.0/

the chiral water signals remained elusive. Our recent studies revealed that chiral SFG signals of

water around proteins and DNA originate from water in the first hydration shells.?> 3% 41-43-45

In this study, we demonstrate that chiral SFG can probe biomolecular interactions by
detecting changes in water structures in the first hydration shell of double-stranded DNA (dsDNA).
We study (dA)i2(dT)12 dsDNA that binds an antibiotic and key drug design scaffold,* netropsin,
in the dsDNA minor groove. We show that an increasing molar ratio of netropsin to dsDNA leads
to a decrease in the chiral SFG signal of water OH stretches. Our molecular modeling reveals that
the decrease of the water signals originates from displacement of water molecules from the minor
groove in the first hydration shell of dsDNA due to netropsin binding. Our findings demonstrate
the promise of applying chiral SFG to probe binding modes of dsDNA, including minor-groove
binding, major-groove binding, and intercalation. Insights from chiral SFG can potentially inform
drug development and reveal molecular mechanisms of DNA structure-function correlations. Our
work also illustrates that chiral SFG can monitor structural changes in the first hydration structures
of folded chiral biopolymers in situ under ambient conditions, offering a unique perspective for

investigating biological processes.
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Scheme 1. (a) Chiral SFG experimental setup for probing dsDNA using an s-polarized visible beam and a
p-polarized infrared beam and detecting p-polarized SFG signals (see Methods). (b) Adenine-thymine base
pairs showing minor groove and major groove chemical moieties. (c) Chemical structure of the minor

groove-binding drug netropsin.
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Results

Netropsin (Scheme 1c) binds to the (dA)i2:(dT)12 dsDNA minor groove non-covalently
and forms hydrogen bonds with adenine N3 and thymine C2=0O (Scheme 1b).*”**’ Netropsin
requires a minimal binding site of four adenine-thymine base pairs.’® Thus, 2-3 netropsin
molecules can bind to one (dA)i2:(dT)i12 dsDNA. We first build fully hydrated molecular models
of the (dA)12:(dT)12 dsDNA bound to zero, one, and two netropsin molecules in the minor groove
based on available crystal structures (see Methods). °!-32 Our previous study shows that chiral SFG
is sensitive to water molecules only in the first hydration shell of the (dA)i2'(dT)12 dsDNA.*
Figure 1 (right) illustrates the molecular models with all water molecules in the first hydration
shell (1% row), as well as those water molecules hydrating the minor groove (2" row), major
groove (3" row), and backbone (4" row). Figure 1 (left) shows the corresponding simulated chiral
SFG spectra of water molecules with the dsDNA binding to zero (black curve), one (red curve),

and two netropsin molecules (blue curve).

The simulated chiral SFG response of water from the first hydration shell (Figure 1a)
strongly depends on the number of netropsin molecules bound to the dsDNA. Binding one
netropsin reduces the signal intensities by roughly one third. Binding two netropsins almost
abolishes the signals. To search for the origins of these spectral changes, we dissect these responses
from the first hydration shell into the responses from water molecules hydrating the minor groove
(Figure 1b), major groove (Figure 1c), and the backbone (Figure 1d). Figure 1b shows that the
signals from the minor groove reduce with the number of netropsin molecules. However, Figures
lIc and 1d show that the signals from the major groove and backbone do not change with netropsin
binding, respectively. These results suggest that the changes in the overall chiral SFG signal of
water in the first hydration shell (Figure 1a) originate exclusively from the changes in hydration
of the minor groove. These simulated results predict that netropsin binding displaces water

molecules in the minor groove and thereby reduces the chiral SFG signals of water.
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Figure 1. Simulated chiral SFG response of water and molecular models of water hydrating the
(dA)12°(dT)12 dsDNA bound to 0 (black), 1 (red), or 2 (blue) netropsin (NT) molecules. The simulated chiral
SFG spectra (left) and molecular dynamics (MD) models (right) including hydration water and the
(dA)12:(dT)12 dsDNA complexed with 0, 1, or 2 netropsin molecules. (a) Water molecules in the first
hydration shell and water molecules hydrating the (b) minor groove, (¢) major groove, and (d) backbone.
All spectra were generated by averaging over 10° frames from 100 ns of MD simulation. The simulated
spectra contain chiral SFG responses of water but not the dsDNA. Spectral intensities are directly
comparable and reported in arbitrary units (a.u.). See Methods for details on selecting the first hydration
shell waters and dividing them into the subsets. The spectra and structures for DNA + 0 NT were previously

reported.*

+ONT +1NT +2NT
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Guided by the computational results (Figure 1), we obtained experimental phase-resolved
chiral SFG spectra of the (dA)i2-(dT)12 dsDNA at various molar ratios of netropsin to dsDNA,
including 0:1, 1:1, 1.5:1, or 2:1 (Figure 2). Figure 2a presents the spectra (purple) and their spectral
fits (black) (see the Methods section for spectral fitting procedures) with residuals of the fits
(orange, top). Based on our previous studies of the (dA)i2:(dT)i12 dsDNA hydrated in H>O versus
H>'30,%* the global fitting includes three peaks at ~3209 cm™!, ~3347 cm™!, and ~3400 cm™! (Figure
2b), which are assigned to NH stretches of the adenine NH» (Figure 2b, black curves). At the
netropsin-to-DNA molar ratios of 1.5 and 2, the residual analysis suggests an additional peak at
~3510 cm™! (pink) to yield satisfactory fitting. We tentatively assign this peak to an NH stretch of
netropsin (Figure 2b, pink curves), as guided by our DFT calculations (see Methods and the SI).
We also identified in our previous studies of the (dA)12:(dT)i12 dsDNA that chiral SFG signals of
water contain two pairs of water OH stretches.** In each pair, one peak corresponds to the
symmetric stretch (solid blue curves) and the other peak corresponds to the asymmetric stretch
(solid red curves) (see Methods section).** Figure 2¢ shows that the first pair of water OH

stretching peaks is centered at 3223 cm!, and the second pair is centered at 3503 cm™!.
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Figure 2. Experimental data and fitting of chiral SFG spectra in the OH/NH stretching region at molar
ratios of netropsin:dsDNA of 0:1, 1:1, 1.5:1, and 2:1. (a) Experimental spectra (purple) and fitting curves
(black) with residuals of fitting (orange, top), (b) Individual Lorentzian peaks used to fit the NH stretches
from the DNA base pairs (black) and an emergent peak (pink) ascribed to NH stretches of netropsin with
dotted lines marking the peak positions at 3209 cm™, 3347 cm™, 3400 cm™, and 3510 cm™, and (c) Paired
symmetric (blue) and asymmetric (red) peaks from water with the solid lines showing the individual peaks
and dashed lines representing the total symmetric OH stretches (blue dashed line) and the total asymmetric
OH stretches (red dashed line). The first pair of water peaks is centered at 3223 cm™, and the second pair
of water peaks is centered at 3503 cm™. (a.u. = arbitrary units).

Based on the fitting results, we plot the amplitude of each vibrational band as a function of
the netropsin-to-DNA molar ratio (Figure 3). The amplitude is directly correlated with the
molecular population because each vibrational band shares the same peak widths and peak
positions across the four spectra in our global fitting (Figure 2). Figure 3 shows that the amplitudes
of both water OH bands (3503 cm™! and 3223 ¢cm™!) decrease with an increasing molar ratio (Figure
3a). In contrast, the amplitude of the NH stretches of dsDNA does not change significantly with
the molar ratio (Figure 3b), which is consistent with the adenine NH> moiety pointing toward the
major groove and not being perturbed by netropsin binding to the minor groove. The peak at 3510

cm! (Figure 3¢) appears when the molar ratio reaches 1.5. This peak further increases at the molar
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ratio of 2 (Figure 3c). We propose that this vibrational band is due to NH stretches of netropsin.
Structural data show that when netropsin binds to the dsDNA, netropsin conforms to the chiral
spine of the minor groove.’!: 2 This induced chiral conformation of netropsin can potentially

enable the NH stretches of bound netropsin to generate chiral SFG signals.

Our analyses of experimental spectra (Figures 2 and 3) demonstrate that chiral SFG has the
sensitivity for detecting changes in the hydration structures of the dSDNA due to netropsin binding.
Combined with our computational modeling (Figure 1), we conclude that the experimental
observations of changes in chiral SFG signals of water are due to netropsin binding that displaces

water from the minor groove of the (dA)i2-(dT)12 dsDNA.
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Figure 3. Changes in the amplitude of vibrational bands in the chiral SFG spectra of (dA)2-(dT)2 dSDNA
as a function of the molar ratio of netropsin:dsDNA: (a) the OH stretching peaks centered at 3223 cm™ and
3503 cm’, (b) three peaks attributed to dsDNA NH stretches, and (c) the emergent peak at 3510 cm™
ascribed to NH stretches of netropsin. (a.u. = arbitrary units)
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Discussion

In our simulations, binding one molecule of netropsin to dsDNA displaces on average ~12
water molecules per frame from the dsDNA minor groove. This result agrees with previous reports
that combined volumetric, calorimetric, and UV-melting measurements to estimate that ~10 water
molecules are displaced from the (dA)i2'(dT)i2 dsDNA minor groove per netropsin bound.*®
Binding a second molecule of netropsin displaces an additional ~7 water molecules from the
dsDNA minor groove. Each binding event diminishes the chiral SFG response of the (dA)i2-(dT)12
“spine of hydration”*?*** by approximately one third (Figure 1b), so that dehydration of the dSsDNA
minor groove by netropsin progressively reduces the chiral SFG response of minor groove water
molecules (Figure 1b). In stark contrast, the chiral SFG response of the major groove and
phosphate backbone water subpopulations appear unaffected by netropsin binding (Figures 1c and
1d). The predicted changes in chiral SFG signals due to displacement of water from the minor
groove by netropsin agree with our experimental spectra of (dA)i2:(dT)12 dsDNA at various
netropsin:DNA molar ratios (Figure 2). Analyses of these spectra reveal that chiral SFG signals of

water decrease with increasing netropsin-to-DNA molar ratios (Figure 3a).

Our residual analysis (Figure 2, top) revealed that a peak at 3510 cm™! appears at the
netropsin-to-DNA molar ratio of 1.5 and continues to grow at the molar ratio of 2.0 (Figure 3).
This peak is unlikely to be due to hydration water as it can be fit with a single narrow Lorentzian
peak.* The peak is also unlikely to be due to dsSDNA because the DFT simulations in our previous
report showed that dsSDNA NH stretches of the A-T base pairs occur below 3450 cm!.* We
propose that this peak originates from NH stretches of netropsin when bound to the (dA)i2-(dT):2
dsDNA minor groove, where netropsin can adopt a chiral conformation. To examine this
proposition, we obtained an experimental infrared spectrum and simulated the infrared and Raman
vibrational spectra of netropsin by performing DFT calculations in both implicit water and gas
phase (Figure S1). The simulated spectra of netropsin show vibrational resonances from 3000 cm"
't0 3600 cm! due to NH stretches of netropsin. The peaks at around 3550 cm! are due to amidine
stretches in the end group of the netropsin, which also appear in the experimental infrared spectrum

(Figure S1c). Netropsin by itself does not produce significant chiral SFG signal (Figure S4), so
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any signal that is generated when it complexes with DNA must arise from chiral induction. These
computational and experimental studies support our assignment of the peak at 3510 cm™ in the

chiral SFG spectra (pink, Figure 2b) to netropsin.

Our experimental data reveals contributions from two pairs of OH water stretches centered
at 3223 cm! and 3503 cm!. We previously identified these two OH stretching bands by globally
fitting the chiral SFG spectra of the (dA)12:(dT)i12 dsDNA hydrated in H,O and H>'%0.* However,
our simulated chiral SFG spectra of water hydrating the dsDNA (Figure 1a) only show a single
pair of water OH stretching peaks centered at ~3400 cm™! without significant signals at ~3200 cm
I, The experimentally observed OH stretches at the lower frequency of 3223 cm! indicate strong
H-bonding interactions of water molecules. This strong H-bonding interaction is consistent with
water molecules in the minor groove forming H-bonds with the thymine C2=0O group and N3 of
the adenine aromatic ring (Scheme 1b). In our previous studies of protein hydration, we found that
the electrostatic map used in simulating the vibrational response of water under-represents the
responses from strongly H-bonded water, such as those water molecules H-bonding to the carbonyl
groups of protein backbones. This issue may arise because the map was originally trained using
bulk water molecules that form comparatively weak H-bonds.>*>* Hence, we hypothesize that our
simulation of dsSDNA hydration (Figure 1) may underestimate the contributions from strongly H-

bonded water in the minor groove of dsDNA.

To evaluate this hypothesis, we simulated chiral SFG spectra arising from only the subset
of water molecules in the minor groove of dsDNA donating a hydrogen bond to the thymine C2=0
group (Figure S3a, gray curves). The lineshapes in these spectra indeed show contributions from
two pairs of OH stretches centered at 3097 cm™' and 3332 cm!' (Figure S3c). The strongly
hydrogen-bonded water molecules within this subset, corresponding to low vibrational
frequencies, represent a minority within the general population of the first hydration shell. Using
the current electrostatic map, the signals from these strongly hydrogen-bonded water molecules
are masked by the signals from the other water molecules in the minor groove. These results
suggest that expanding the training set to include water in strongly H-bonded environments in
constructing the electrostatic map could potentially improve its applications to simulate vibrational
responses of water in strong H-bonding environments, such as those water molecules hydrating

the minor groove of dsDNA.
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Intriguingly, Figure 3a shows that the lower-frequency water OH stretching band at 3223
cm! decreases to a larger extent than the high-frequency OH stretching band at 3503 cm’!. Because
lower OH stretching frequencies correlate with stronger H-bonding interactions, this observation
suggests that strongly H-bonded water molecules are more favored to be displaced by netropsin
molecules. This finding aligns with our simulation results (Figure S3) and the crystal structures of
netropsin-DNA complexes reported in the literature.’!> 32 Our simulations (Figure S3a, gray curves)
show that the experimentally observed low-frequency OH stretching bands at 3223 c¢cm™ are likely
due to water molecules that form strong H-bonds with the thymine C2=0O group (Scheme 1b)
pointing to the minor groove. On the other hand, crystal structures show that netropsin binds to the
minor groove of poly (dA-dT) dsDNA through forming hydrogen bonds with the adenine N3 and
thymine C2=0 groups (Scheme 1b).>!> 32 Thus, this structural information implies that the A-T
sequence-selective binding of netropsin requires displacement of water molecules strongly H-
bonded to the thymine C2=0 group, in agreement with our experimental observation of a larger
decrease in the intensity of the OH stretches at lower frequency (3223 ¢cm™'). As a vibrational
method, chiral SFG can detect water OH stretching frequencies and thereby reveal water H-
bonding interactions in the first hydration shell of folded chiral biopolymers, providing insights

into sequence-selective, site-specific biomolecular interactions.

The combination of experiments and computation offers fundamental insights into how
changes in dsDNA hydration upon netropsin binding correlate with spectral perturbations.
Experimental chiral SFG spectra exhibit vibrational bands at various frequencies and bandwidths,
which contain information about molecular structures and chemical environments. A direct
comparison of simulated and experimental spectra offers quantitative assessments of the predictive
power of computational approaches. Such assessments will help improve water models and
develop force fields of various molecular systems for modeling important biological phenomena,
such as lipid membranes interacting with biopolymers, molecular crowders impacting structures

and dynamics of biopolymers,>> and denaturants (e.g., urea) destabilizing protein structures.>®
y poly g gp

In this work, we demonstrate that chiral SFG can detect changes in dsDNA hydration
structure resulting from minor groove binding of netropsin, a key small-molecule scaffold used in
the development of drugs. We show both experimentally and computationally that increasing the

concentration of netropsin depletes the chiral SFG response of water OH stretches. We also

13

https://doi.org/10.26434/chemrxiv-2024-czx5t ORCID: https://orcid.org/0000-0001-9554-776X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-czx5t
https://orcid.org/0000-0001-9554-776X
https://creativecommons.org/licenses/by-nc-nd/4.0/

observe an emergence of a new vibrational signal that likely originates from induced chiral
organization of the drug molecule. Finally, molecular dynamics simulations and experimental
chiral SFG spectra show that multiple species of water exist within the minor groove of dsDNA.
These results introduce chiral SFG as a chiral-selective optical method for probing specific regions
and functional groups of DNA and their interactions with other molecules in sifu. This capability
of chiral SFG to probe the interaction of biopolymers and water in the first hydration shell provides
fundamental insight into the role of water in determining structure, stability, and function of the
biopolymers. Thus, chiral SFG holds promises for monitoring a wide range of biological processes,
offering an alternative approach for probing biological processes in situ by detecting changes in

water structures in the first hydration shell of biopolymers, including DNA, RNA, and proteins.

Methods

Sample Preparation

Single-stranded (dA)i> and (dT)i2 DNA oligomers were purchased from the Keck
Oligonucleotide Synthesis Resource at Yale University, which were HPLC purified and used
without further purification. Solutions of (dA)2-(dT)12 dsSDNA were prepared in water (Millipore
Synergy UV-R system, 18.2 MQ) at a concentration of 200 uM by annealing single-stranded
(dA)12 and (dT)i2 at 80 °C for 10 minutes and allowing the solution to cool down at room

temperature in a water bath. DNA solutions were then stored at 4 °C.

Netropsin dihydrochloride (Enzo Life Sciences, ALX-380-088-M005) was procured as a
lyophilized powder and prepared as a 1 mM solution in H>O (Millipore Synergy UV-R system,
18.2 MQ). Netropsin solution was mixed with the 200 uM (dA)12°(dT)i2 dsDNA and then diluted
to give a final concentration of dsDNA at 100 uM and netropsin at 0 uM, 100 uM, 150 uM, or
200 pM. The mixtures were incubated at room temperature for at least one hour and were
subsequently stored at 4°C. An aliquot of 10 pL of the DNA-netropsin solutions was applied to
the surface of quartz and subsequently dried in a desiccator to yield a hydrated film. We recorded
the phase-resolved chiral SFG spectra of the hydrated DNA films on the surface of a right-handed

z-cut a-quartz crystal (Conex Systems Technology Inc., San Jose, CA). Prior to sample preparation
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the quartz was cleaned by rinsing with H>O, dried with nitrogen, and plasma-cleaned (Harrick

Plasma; PDC-32G) on “low” for 15 min.
Acquisition of phase-resolved vibrational SFG spectra

A home-built broad-bandwidth SFG spectrometer** 37 was used to acquire phase-resolved
chiral SFG spectra of the hydrated DNA-netropsin films.*® The psp-polarization (p-polarized sum
frequency, s-polarized visible, p-polarized infrared) was used to acquire the chiral SFG spectra.
Spectral frequencies were calibrated using a polystyrene reference (Buck Scientific), and cosmic
rays were manually removed.>” The spectra were recorded with the +y and —y axes of the quartz
oriented parallel to the incident plane.?®- > 6 At each orientation, 10 spectra were recorded for 2
minutes. The averaged spectra were normalized to the spectrum of a clean quartz substrate. The

difference between the +y (I,) and -y (I_,) spectra yields the imaginary component of the

second-order susceptibility, Im[x®]:

Im[y®] = L;I—y) (1)

Analyses of experimental chiral SFG spectra

Chiral SFG signals of water contain contributions from the symmetric and asymmetric
stretching modes of water in equal magnitudes but with opposite phase.®! These two modes
generate non-zero chiral SFG signal due to intramolecular coupling, yielding a unique lineshape
of a doublet in opposite phases. Hence, we used the following function containing two terms to fit
the chiral SFG spectra of the netropsin-DNA samples containing NH stretches of dsDNA and

netropsin, and OH stretches of water:

=] z Aq
f(wIR) =Im wIR _ (l)q _ il'\q
q
()
A A
* 2, ; - ;
n (UIR - ((l)n + ZAVn) - lrn (UIR - ((l)n - 7Avn) - an
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where A4, I}, and w, are the amplitude, width, and vibrational frequency of the ¢™ vibrational
modes other than water OH stretches; A,, and I}, and are the amplitude and widths of the n' pair
of water OH symmetric and asymmetric stretches; and Av,, and w,, are the frequency difference
and average of the n symmetric and asymmetric water OH stretches, respectively. The first term
represents the independent Lorentzian peaks used to fit vibrational bands that are not associated
with the chiral SFG response of water OH stretches, such as NH stretches of dsDNA and netropsin
in our studies. The second term is the coupled symmetric and asymmetric stretches of water, which

takes the form of a pair of positive and negative peaks of the same magnitude and width, separated

from their average frequency (w,) by + % Av,.

Using Equation 2, we globally fit the chiral SFG spectra at various netropsin:dsDNA molar
ratios of 0:1, 1:1, 1.5:1, and 2:1 (Figure 2). In our previous study,** we used Equation 2 to fit the
spectrum of (dA)i2:(dT)i2 dsDNA obtained in H>O guided by isotopic studies using H>'*0. From
this previous study, we obtained the numerical values of the center peak positions (w,,), peak
widths (I},), and frequency differences (Av,,) for the two pairs of OH stretching bands of water,
and the NH stretching frequencies (w,) and peak widths (I3) from the (dA)i2:(dT)12 dsDNA
spectrum acquired in H2O in the absence of netropsin. Here, we kept the same numerical values in
our global fitting of the four spectra presented in Figure 2 but let the amplitudes (4, and A;) of
the corresponding OH stretching bands of water and NH stretching bands of the dsDNA float
freely. Additionally, based on residual analysis (orange, Figure 2), we incorporated an extra
Lorentzian peak in fitting the two spectra obtained at higher netropsin molar ratios (1.5:1 and 2:1).
We set the position, width, and amplitude of this extra peak as free parameters in addition to the
OH and NH amplitudes (4, and A,) in our global fitting of the four spectra shown in Figure 2 (see
the SI for fitting results).

Molecular dynamics calculations

A (dA)12(dT)12 dsDNA model was constructed using the AMBER Nucleic Acid Builder.%?
To model netropsin, the RESP procedure was used to assign AMBER charge parameters, and other

parameters were selected from GAFF. The DNA structure was aligned to a crystal structure of

DNA with one (PDB: 6BNA)°! or two (PDB: 358D)>? netropsin molecules using VMD.5* All three
16
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systems (zero, one, and two netropsin molecules) were solvated with TIP4P-Ew water® and
neutralized with sodium ions using AMBER’s tleap program. Netropsin-containing systems were
energy-minimized with restraints on the DNA (force constants of 500 kcal mol! A2) to allow the
netropsin to relax to a more favorable conformation. Following this minimization, MD simulations
were carried out as described in our previous work on chiral SFG of DNA.* Briefly, the systems
were minimized in phases with gradually loosening restraints on the DNA and netropsin until all
restraints were released. The systems were then gradually heated in the NPT ensemble from 0 K
to 300 K. The systems were finally equilibrated in the NPT ensemble for 5 ns and then in the NVT
ensemble for 5 ps. To obtain trajectories, the system was propagated for 100 ns in the NVT

ensemble, with coordinates saved every 100 fs.
Calculations of water spectra

SFG spectra of water were calculated from MD simulations using the electrostatic mapping
approach developed by the Skinner lab.>* -4 The inhomogeneous limit approximation was
applied to the time-correlation function. Within each frame, the system was rotated such that the
sixth thymine’s N3-H3 bond (Scheme 1b) was aligned with the y-axis, with the positive direction
pointing toward the hydrogen atom. The x-axis was chosen to point toward the thymine O2 while
remaining orthogonal to the y-axis. Consequently, the z-axis pointed along the helical axis of the
DNA, perpendicular to the base pair. Since the experimental orientation of dsDNA relative to the
interface is unknown, the absolute phase of the calculated water spectra cannot be directly
compared to that measured experimentally. However, the relative phases and amplitudes can be
compared to experimental data. To reproduce the absolute phases observed experimentally, all
calculated water spectra were multiplied by -1. For calculations involving a subset of waters, the
SFG response is only a direct result of those particular waters, but all other atoms in the system

also contribute to the electric field felt by each OH group within that subset.
Selection of Water Molecule Subsets

For full details of selections of the water subsets associated with the major groove, minor
groove, and backbone, see our previous work on chiral SFG of dsDNA.* Briefly, the waters

constituting the first hydration shell of dsDNA were selected by Voronoi tessellation.*> Voronoi
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tessellation divides space into regions that consist of all points that are closer to a given atom than
they are to any other atom. Two atoms are defined as neighbors if the Voronoi tesserae that
surround them share a face, and two molecules are defined as neighbors if any of their constituent
atoms are neighbors. The first hydration shell consists of all water molecules that are neighbors of
any part of the DNA, and the first hydration shell can then be divided into further subsets. Major
groove water molecules were chosen as those that were closer to any atom of the major groove
than to any other group in the DNA. Minor groove water molecules were chosen as those within
3.5 A of H2 on any adenine residue. Backbone water molecules were chosen by a distance criterion
analogous to that of the major groove followed by removal of water molecules near those of the
minor groove to avoid contamination from the strong signal of the minor groove. For the subset of
water molecules forming a strong hydrogen bond with the thymine C2=0O carbonyl in the minor
groove (Scheme 1b), the minor groove water selection was further filtered to select water
molecules with an Hyater-Ocarbonyt distance of 1.6 A or less and an Owater-Hwater-Ocarbonyl angle of

69, 70

135° or greater. Atom selections were performed using MDAnalysis and in-house Python

code. Voronoi tessellation was performed using the Freud library’! to access voro++.72
Supporting Information

Parameters for fitting chiral SFG spectra, additional computational spectra, and experimental

spectra of netropsin (PDF)
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