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Electronic fluctuation difference
between trimethylamine N-oxide
and tert-butyl alcohol in water

Nahoko Kuroki*?**, Yukina Uchino?, Tamon Funakura® & Hirotoshi Moril“**

Although small organic molecules in cells have been considered important to control the functions
of proteins, their electronic fluctuation and the intermolecular interaction, which is physicochemical
origin of the molecular functions, under physiological conditions, i.e., dilute aqueous solutions
(0.18 mol L), has never been clarified due to the lack of observation methods with both accuracy
and efficiency. Herein, the time evolutions of the interactions in dilute aqueous trimethylamine
N-oxide (TMAO) and tert-butyl alcohol (TBA) solutions were analyzed via ab initio molecular dynamics
simulations accelerated with the fragment molecular theory. It has been known that TMAO and TBA
have similar structures, but opposite physiological functions to stabilize and destabilize proteins.

It was clarified that TMAO induced stable polarization and charge-transfer interactions with water
molecules near the hydrophilic group, and water molecules were caught even near the CH;- group.
Those should affect protein stabilization. Understanding the solution dynamics will contribute to
artificial chaperone design in next generation medicine.

Small organic solutes in cells have various effects on proteins. For example, trimethylamine N-oxide (TMAO,
Fig. S1a), which consists of N*O~ and methyl (CH;-) groups, has been found in deep-sea fishes and is a known
osmolyte that preserves the physiological functions of proteins'. The effects are often compared with the ions
like (CH;), N* and PO,’" that are more capable of structuring water in the Hofmeister series’. However, the
preservation mechanism of the osmotic pressure is still under debate; the proposed explanations include an
attractive direct interaction between TMAO and proteins® or indirect interactions via structural changes of an
aqueous solution as a molecular aggregate®*. If the mechanism by which TMAO allows physiological functional
preservation in proteins is clarified, it would make fundamental scientific contributions to, for example, the
next generation of medicine by accelerating the development of artificial chaperones and understanding the
mechanism of atherosclerosis.

The biophysical chemistry and solution dynamics of aqueous TMAO solutions have been extensively inves-
tigated from experimental®** viewpoints. Vibrational and nuclear magnetic resonance spectroscopy indicated
that both the N*O~ and CH;- groups of TMAO slow the dynamics of water molecules in a solution and that
the N*O~ groups have a notable ability to capture water molecules®”!*!!3 These results have been carefully
discussed by molecular dynamics simulations based on classical force fields>!*~'8. However, it is well known that
the results depend on the choice of the force field. Thus, ab initio molecular dynamics (AIMD) simulations are
essential for explaining the experimental results precisely and designing the osmotic pressure regulation ability
artificially. Although there have been several sub-picosecond-order Born-Oppenheimer AIMD simulations
with the density functional theory'®-*%, previous studies have not revealed the intermolecular interaction, which
is physicochemical origin of the molecular functions. Additionally, due to the high computational costs of the
previous AIMD simulations, the target systems were limited within the small sizes, and the concentrations (over
0.5 mol L") were much higher than natural conditions (i.e., those in deep-sea fishes).

The object of this study is to clarify the electronic fluctuation and the temporal evolution of intermolecular
interactions in TMAO aqueous solution with a realistic condition of concentration. For this purpose, we focused
on solute-solvent interactions and applied the ab initio effective fragment potential-molecular dynamics simula-
tion (EFP-MD), which is particularly suited to performing nanosecond-order AIMD simulations for systems
containing several thousand atoms*~, for dilute aqueous TMAO solutions (0.18 mol L™!). For comparison, a
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dilute aqueous solution of tert-butyl alcohol (TBA, Fig. S1b), which is known as a protein denaturant>®'¢, was
also investigated.

Computational method

The structures of TMAO, TBA, and H,0 molecules in the gas phase were optimized using the Gaussian16 quan-
tum chemistry program package?®'. The MP2/aug-cc-pVTZ?* level of theory was applied to the calculations, and
the natural bond orbital (NBO) analysis was performed. The T, diagnostic values® of TMAO, TBA, and H,0O
molecules were 0.013, 0.010, and 0.010, respectively, confirming that there was no multireference nature. Using
the wavefunctions for the optimized molecules, the EFPs at the aug-cc-pVTZ basis function were uniquely
defined by the “MAKEFP” module implemented in the GAMESS-US program package®*.

Before performing the EFP-MD simulations, we evaluated the accuracy of the EFPs. For this purpose, we
decomposed the total interaction energies obtained by the quantum chemistry calculations (MP2/aug-cc-pVTZ)
into electrostatic (E), exchange-repulsion (EEXREP), polarization with charge-transfer (EP°L + ECT), and dispersion
(EP'P) interaction energy components through localized molecular orbital energy decomposition analysis (LMO-
EDA)* and compared them with the EFP results. In the LMO-EDA calculations, we applied the counterpoise
method to correct the basis set superposition errors.

Subsequently, we performed a set of EFP-MD simulations for dilute aqueous TMAO or TBA solutions and
pure water. In the EFP-MD simulations, we used a set of cubic periodic boxes with a side length of ~21 A con-
taining one solute molecule and 300 H,O molecules with a canonical (NVT) ensemble and a cutoft distance of
10 A. Damping expressions were applied for long-range terms®. The simulation box size was defined to model
the dilute aqueous solution (0.18 mol L"), which was realistic concentration for deep-sea fishes. In the EFP-MD
simulations, we used a time step of 1 fs and a temperature of 298.15 K (defined using a Nosé-Hoover thermo-
stat). Under these conditions, a set of at least 0.8 ns equilibration and 2.5 ns production runs was performed to
evaluate the self-diffusion constants, radial distribution functions (RDFs), and time-dependent intermolecular
interaction energies.

Results and discussion
The chemical accuracy of EFPs was verified for TMAO, TBA, and H,O. The EFPs reproduced dipole moments via
high-precision ab initio quantum chemistry calculations within a 0.14 D error, which is more accurate than that
of well-trained classical force field models'®!” (Table S1). The structural parameters of TMAO/TBA-H,O dimer
models optimized by the EFPs agreed with the MP2 level of quantum chemistry calculation results within 0.14 A
(Figs. S2, S3, and Tables S2, S3). The slight difference in dimer formation validates the rigid rotor approximation
in the EFP method, at least within our target systems. The total interaction energy and its components, calculated
by the EFP method, near the stable conformation of the TMAO/TBA-H,0 dimer, accurately reproduced the
corresponding LMO-EDA at the MP2 level (Figs. S4, S5). The mean absolute error (MAE) of the total interac-
tion energy obtained by EFP and MP2 was 2.0 kcal mol™!. The MAE of each interaction energy component
(E®S, EFXREP EPOL  ECT and EP™P) was 1.0, 0.6, 1.9, and 0.6 kcal mol™, respectively. The H,O-H,O interaction
described by the EFP method has been established previously?. The chemical accuracy of the EFP method was
thus confirmed. It should be noted that there is no cumbersome fitting in the definition of EFPs.

One of the ways to discuss the transport properties by MD simulations is calculating the self-diffusion coef-
ficients using Einstein’s equation (Eq. 1).

TN NP
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The diffusion coefficient of water (D,,) Was experimentally observed to be 2.3 x 10 m? s71%, and it has
been also reported that D, in a dilute aqueous TMAO/TBA solution (~0.2 mol L™?) is ~ 10% lower than that
in pure water®!®¥”. Our nanosecond-order ab initio EFP-MD results successfully reproduced that these solutes
slow the dynamics of water molecules (Table S4).

Several solute-solvent site RDFs were calculated to investigate dilute aqueous TMAO/TBA solutions (Fig. 1
and Table S5). The coordination numbers of the top sites of solutes were evaluated by integrating the RDFs for
Ormaorra—Owater a00d Opyipo/r8a~Hyager fOr the range up to the first minima. The coordination number calculated
using O1yao/rea—Owater Was 3.3 for both TMAO and TBA, while those calculated using Oqyao/rea—Hyater Were
3.3, and 2.0 for TMAO and TBA, respectively. These results indicate that the hydrophilic groups of TMAO firmly
trap three H,O molecules as hydrogen-bond donors, while those of TBA coordinate two H,O molecules and
one H,0 molecule as hydrogen-bond donors and acceptor, respectively. Focusing on the bottom sites of TMAO
and TBA, i.e., the coordination numbers of Xrtyp0/18A~Owaten it is apparent that the CH;- groups of TMAO and
TBA have different hydration properties. Therefore, the RDFs for Xyps—O,uer have no peaks within 2 A, while
Xrmao—Owater has a coordination number of 0.7. The CH;- groups of TBA exhibit “hydrophobic hydration,”
while those of TMAO proactively trap H,O molecules. The CH;- groups of TMAO and TBA enact differently
in dilute solutions™*®.

The TMAO/TBA---H,0 interaction correlation function ( p(¢) )*® (Eq. 2) was calculated to clarify the effect
of the N*O~, OH, and CH;- groups of each solute on the kinetics of the water molecules in the dilute aqueous
TMAO/TBA solutions (Fig. S6).
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Figure 1. Solution structures simulated by EFP-MD. (a) Snapshot of aqueous TMAO. (b) Solute-solvent site
RDFs, g(r), and hydration numbers, n(r), for aqueous TMAO. (c) Snapshot of aqueous TBA. (d) Solute-solvent
site g(r) and n(r) for aqueous TBA. Xyya0/r8a Was defined as the center of mass of the three axial hydrogen
atoms of the CH,- groups in TMAO/TBA.

Here, h(t) is a step function defined as 1 when the distance between each solute and solvent site is smaller
than the first minimum of each RDF (Table S5). Otherwise, h(¢) is defined as 0. The TMAO/TBA---H,O interac-
tion lifetimes (Table S6) were evaluated by fitting p(t) to ae~/% + be™/™ (a 4- b = 1) to the data in the range
0<t<100 ps (Fig. S6); the double exponential fitting was applied since it provided better results than those from
the single exponential fitting.

The EFP-MD results indicated that the N*O~ group of TMAO and the OH group of TBA captured three H,0
molecules with an average lifetime of 31.2 and 16.5 ps, respectively. The calculated lifetime for TMAO agreed with
those obtained by dielectric spectroscopy (at least 50 ps at ~300 K)'* and previous AIMD simulations (30-50 ps
at 320 K; for D,0O solution)’. The lifetime near the CH;~ group of TBA could not be defined due to the lack of a
hydration shell (see Fig. 1), while that near TMAO was 6.9 ps. It was confirmed that the CH;- groups of TMAO
could capture water.

EFP-MD can be utilized to investigate the time evolution of dipole moments in dilute aqueous TMAO/TBA
solutions. The dipole moment of the water molecule shown in Fig. 2 is enhanced (maximally 4.20 D) when it
approaches the N*O~ group of TMAO. Similarly, when a water molecule approaches the OH group of TBA, the
dipole moment is enhanced (maximally 3.78 D). The ensemble averages indicate that water molecules near the
N*O~ group of TMAO (r<3.5 A) and the corresponding OH group of TBA increased the dipole moment by
an average of 3.22 D (+12%) and 3.01 D (+5%), respectively, compared to the water molecules in pure water
(Table S7). The former exhibits a more significant dipole moment because TMAO has a large dipole moment of
9.39 D in an aqueous solution. In general, molecules are stabilized by polarization in aggregated systems. Surpris-
ingly, compared to the water molecules in pure water, the water molecules near the CH;- group of TMAO and
TBA were found to have a decreased dipole moment (by —1% and —3%, respectively; Table S7). This is because
the steric barrier of the CH;- group allows only a small number of water molecules to be coordinated around the
waters with decreased dipole moments. The ensemble averages of the dipole moments indicate that the influence
of the solute on water converges around 4.5 A (Fig. 3 and Table S7).

The enhancing and diminishing of polarization on the surrounding water are considered to appear as dif-
ferences in the interaction energy components (EES, EEXREP, EPOL ECT and EPISP) in the aqueous TMAO/TBA
solution (Figs. 4, S7, S8, and Tables S8, S9). Therefore, the interaction energy components near the hydrophilic/
hydrophobic groups are discussed.
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Figure 2. Temporal evolution examples of water dipole moments along 1 ns EFP-MD. The plot color represents
the distances (Npya0—Oyater/ Crea—Owater) s indicated by the key on the right.
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Figure 3. 1 ns water fluctuation colored by the dipole moments of H,O molecules. The water molecules within
3.5,4.0, and 4.5 A from the solute are observed from the top, side, and bottom. The plot color represents the
deviation from the pure water (2.87 D).

First, the solute-solvent polarization and charge-transfer interactions in the vicinity of the N*O~ sites
(r<3.5 A) in the TMAO solution were more than twice those corresponding to the OH sites in the TBA solu-
tion (Figs. 4, S7, and Table S8). The NBO analysis explains the charge-transfer interaction with a dimer model
(Figs. S9, S10 and Table S10). The proton acceptor orbital of TMAO has a significant overlap integral with the
H,O orbital around the hydrophilic group and facilitates the charge-transfer (0.04 e). However, the orbital overlap
between the OH group of TBA and H,O is small; thus, the charge-transfer is small (0.01 e). Therefore, we can
conclude that the factors that cause the N*O~ group to strongly supplement water in an aqueous TMAO solution
are the polarization and charge-transfer interactions derived from the large polarization of TMAO.

Next, we analyzed the interaction between the CH,- group and the surrounding water molecules (r<3.5 A)
in a TMAO/TBA solution. In this instance, the difference in the solute does not cause any difference in the
charge-transfer and dispersion interactions (Figs. 4, S8, and Table S9). This can be explained by the small over-
lap between the proton donor orbitals of the CH;- groups of TMAO/TBA and the molecular orbitals of water
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Figure 4. 1 ns water fluctuation colored by TMAO/TBA-water interactions. The water molecules within 3.5,
4.0, and 4.5 A from the solute are observed from the side.

(Figs. S9, S10, Table S10). However, the polarization interaction energy of TMAO is more than twice that of
TBA. The large dipole moment of TMAO in an aqueous solution affects even the CH;- group. Assuming that the
polarization interaction was zero, the interaction between the CH;- group of TMAO and water would stabilize
at—0.8 kcal mol™ because of the contribution of the dispersion interaction, which is similar to that of TBA, and
a hydrophobic interaction would be induced. In conclusion, the attractive interactions near the CH;- group of
TMAO are characterized by polarization interactions.

Conclusions

This study represents an unprecedented attempt to discuss the influence of an osmolyte TMAO and a denaturant
TBA on the electronic state fluctuation of dilute aqueous solutions by analyzing the time evolution of the intermo-
lecular interactions; these interactions can be evaluated back to their physicochemical origin only via the ab initio
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EFP-MD method. The nanosecond-order EFP-MD method succeeded in reproducing the experimental results,
i.e., TMAO and TBA slow the dynamics of water molecules. We analyzed the stabilizing effects of enthalpy,
focusing on solute-solvent interactions. Our simulation results indicated that in dilute aqueous solutions, the
dipole moment of the water molecules near the hydrophilic group of TMAO and TBA increased by an average
of 12% and 5%, respectively. The dipole moment of the CH;- group decreased by an average of —1% and —3%
for TMAO and TBA, respectively. When the chemical structures of the solutes were similar, the solute-solvent
interaction characteristics changed depending on the local structure and polarity of the site. TMAO allowed
stable polarization and charge-transfer interactions with water molecules near the hydrophilic group, and the
large solute polarization affected water molecules near the CH;- group. However, the polarization of TBA was
negligible and did not affect water molecules near the CH;- group; the interaction was hydrophobic. The effect of
small amphiphilic molecules on the change in the electronic state in aqueous solutions is significant, and it will be
necessary in the future to investigate the mechanism by which osmolytes and denaturants control the stability of
proteins in biological environments using ab initio simulations taking electronic fluctuation effects into account.

Data availability

Data generated or analyzed during this study are included in the main article or Supplementary information.
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