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Planarity and out-of-plane vibrational modes
of tryptophan and tyrosine in biomolecular
modelingf

Faramarz Joodaki,@a Lenore M. Martin@° and Michael L. Greenfield & *?

Tryptophan and tyrosine are aromatic amino acids that play significant roles in the folding processes of
proteins at water—membrane interfaces because of their amphipathic structures. Employing appropriate
heteroaromatic molecular structures is essential for obtaining accurate dynamics and predictive capabil-
ities in molecular simulations of these amino acids. In this study, molecular dynamics simulations that
applied the most recent version of the CHARMM36 force field were conducted on aqueous solutions of
tryptophan and of tyrosine. Geometric analysis and dynamics quantified how aromatic rings deviated
from planar structures and exhibited out-of-plane fluctuations. Radial distribution functions showed
possible biological significance because the extent of ring planarity slightly affected local water
concentrations near aromatic rings. Instantaneous all-atom normal mode analysis (NMA) and Fourier
transformation of time autocorrelation functions of out-of-plane displacements were applied to study
out-of-plane vibrations of atoms in these rings. The NMA started with minimum energy configurations
and then averaged over fluctuations in aqueous solution. The frequencies and frequency patterns that
were obtained for tryptophan and tyrosine with CHARMM36 differed from the literature reports of
Raman spectra, infrared spectra, and frequencies calculated using quantum mechanics, with some out-
of-plane modes found at higher frequencies. Effects of imposing improper torsion potentials and
changing torsion angle force constants were investigated for all atoms in the rings of tryptophan and
tyrosine. Results show that these coarse force field variations only affect planarity and out-of-plane
vibrations of atoms within the rings, and not other vibrations. Although increasing improper torsion force
constants reduced deviations from aromatic ring planarity significantly, it increased out-of-plane mode
frequencies. Reducing torsion angle force constants (with and without improper torsions) shifted modes
to lower frequencies. A combination of decreasing most torsion angle force constants for ring atoms in
both amino acids and including improper torsion forces attained frequencies and frequency patterns for
out-of-plane normal modes that were more similar to the literature spectra. These force field variations
decreased the extents of out-of-plane vibrations within the heteroaromatic rings of tryptophan,
especially around the nitrogen atom in the ring, but not within the heteroaromatic ring of tyrosine.
Conclusions were unaffected by the peptide endgroup, water, or simulation ensemble.

and simulations have successfully described biological
phenomena.®* CHARMM is one of the most successful and

Molecular simulation of biomolecules at the atomic scale owes
its success to reliable empirical force fields (FFs). For 40 years,
various sets of FF parameters have been developed to achieve
more accurate and realistic structures of biological systems,' ™
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advantageous FFs, and it is widely used in biomolecular
simulations.>*® During the past three decades, the CHARMM
parameters have been extended to improve representation of
biological compounds such as amino acids, nucleic acids,
lipids, and carbohydrates.*¢"*

The predictive ability of molecular simulation is strongly
based on the choice of FF terms and accuracy of FF
parameters.>'*'* Several simulation studies demonstrated
that employing different FFs in protein and peptide folding
simulations leads to different folded structures and free energy
surfaces.”">'® Since the structure of a folded protein links to its
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functionality,"” this diversity of obtained folded structures
suggests different protein functionalities. Even when employ-
ing the same FF set with different parameter versions (for
example, CHARMM22 and CHARMM?22/CMAP), simulation
results were altered.'® Some studies pointed out a bias effect
in modern FFs, including CHARMM and AMBER, on the shape
of folded proteins."® For instance, a biased tendency for folded
proteins to adopt a helical shape has been reported in mole-
cular dynamics (MD) simulations.'*'® Hence, implementing
appropriate FF parameters plays a crucial role in predicting
biomolecular structures and atom motions in a system.""? It is
essential to improve understanding of how parameter changes
affect modeling results.”” FF parameter improvements con-
tinue to evolve and enhance the agreement between simulation
and experimental observables.'®

A variety of studies have demonstrated significant roles for
two heteroaromatic amino acids, tryptophan (Trp, W) and
tyrosine (Tyr, Y), in the folding processes of proteins at
water-membrane interfaces. These amino acids have special
aromatic-type side chains with non-uniform, amphipathic
structures that anchor a folded protein at the water-membrane
interface.>*>* For instance, Trp has a vital role in maintaining
the structure and function of gramicidin channels at the sur-
face of a cell membrane.”” Some studies showed that a Trp
residue in an antimicrobial peptide forms a hydrogen bond
with the phosphate head group of membrane lipids®* and leads
to deeper peptide insertion into membrane bilayers.”>>® The
side chain of Trp, a rigid indole ring, has the greatest hydro-
phobic surface area among all the aromatic amino acids.*

The FF parameters of Trp and Tyr, shown as zwitterions in
Fig. 1, have been a focus for improvement®”*® because of their
unusual heteroaromatic structures. The high participation of
the indole ring in protein folding has motivated considering n/
n and CH/r interactions of Trp in the improvement of FF
(CHARMM?22) parameters.”” A related example is the modifica-
tion of cation/m interactions in the FF parameters that reflect
interactions between the phenolic ring of Tyr and choline-
containing phospholipid head groups in order to match
observed physical properties of this interaction to quantum
calculation results.”® Competition between cation/n and salt
bridge interactions as sources of stabilizing forces have also

(a) (b)

Fig. 1 Zwitterionic forms of (a) tryptophan and (b) tyrosine. Labels show
atom ID assignments used in molecular simulations.
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been identified.”® All of these examples illustrate the impor-
tance of using accurate structures for Trp and Tyr for the
assembly of simulated biological systems. Assigning appropri-
ate FF parameters for these two amino acids plays a significant
role in improving the overall reliability of peptide simulation
results.

Modeling heteroaromatic rings has long been controversial
because their symmetry*® and chemical reactivity®' suggest that
their geometry may differ from that of typical aromatic rings.
According to molecular orbital theory and by using the linear
combination of atomic orbitals approximation, the lowest
energy level for an aromatic ring, such as a benzene molecule,
has a symmetric and planar wavefunction.*” Experimental and
quantum calculations also provide evidence for the planarity of
heteroaromatic rings. For instance, X-ray crystallography of N-
acetyl-tryptophan-methylamide,****
indole,>®> and ab initio calculations of indole,**?” 3-
methylindole,®® and p-Trp*® confirmed that all the atoms in
the indole ring of Trp are in the same plane for minimum-
energy conformers. X-ray crystallography*® and CASSCF quan-
tum mechanics calculations®! have indicated a planar structure
for p-cresol, which is identical to the aromatic side chain of Tyr.
For substituted heteroaromatic compounds that arise in
asphaltene chemistry, Li and Greenfield demonstrated via
quantum mechanics calculations that phenol- and pyrrole-
based multi-ring planar architectures have lower total potential
energies compared to possible nonplanar structures.*”

Ring planarity is not static; Raman and infrared spectra of Trp
and Tyr indicate out-of-plane vibrational modes of atoms in side-
chain aromatic rings.>***™*° Slight deviations of 0.1 to 0.4° were
found for indole ring torsion angles for a Trp zwitterion in
quantum mechanics calculations that implicitly included solvent
effects.*® Car-Parrinello molecular dynamics simulations® of an
isolated benzene molecule demonstrated that an average planar
structure is a consequence of symmetric out-of-plane fluctuations.
Most rings were not instantaneously planar: C-C-C-C torsion
angles often fluctuated up to 10° and rarely up to 20°. An
ultrahigh-resolution crystallography study of a-lytic protease has
shown that interactions between phenylalanine (Phe228) and
threonine (Thr181) side chains cause out-of-plane distortions of
the Phe aromatic ring,”* showing that average out-of-plane devia-
tions are possibleunder certain circumstances. An intent of the
present work is to explore the extent to which rings of Trp and Tyr
fluctuate from planarity under a classical force field.

If an atom in an aromatic ring and the three adjacent atoms
bonded to it are all found to be in the same plane, then that
portion of the ring has a planar structure and the sum of angles
between bonds around the central atom should be 360°. If the
sum is less than 360°, then these four atoms cannot be in the
same plane. We describe an aromatic ring structure as “closer
to planar” if the average sum of angles around ring atoms over
time is closer to 360°. Therefore, we compute one measure of
planarity by averaging the sum of bond angles around each
atom in the ring. A second measure quantifies the perpendi-
cular distance from a central atom to the plane of its three
connected neighbors.

microwave spectroscopy of

This journal is © the Owner Societies 2019
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The CHARMM FF typically applies an out-of-plane bending
term to force four specific atoms into a plane.>* This term is a
quadratic improper torsion (dihedral) function that contributes
to maintaining the planarity and chirality characteristics of a
central atom.>*> Implementing this term is also critical for
dynamics and vibrational analysis in order to achieve a proper
force field near the minimum energy geometry.”> In the
CHARMM?22 FF, quadratic Urey-Bradley and improper torsion
potential functions contribute to in-plane and out-of-plane
deformation vibrations of atoms, respectively. MacKerell
et al.>® report that they implemented these functions as a final
optimization step for vibrational spectra only if there was a
discrepancy between calculated results on the basis of the
CHARMM parameters and available data. In other words,
Urey-Bradley and improper torsion parameters were consid-
ered to optimize the fits of FF parameters to vibrational spectra
from ab initio calculations or from Raman and infrared
spectroscopies.®* MacKerell et al. demonstrated that consider-
ing improper torsion angle forces for the peptide bond (in
CHARMMZ22) led to vibrational analysis results for two out-of-
plane modes of an N-methylacetamide molecule that were in
good agreement with quantum calculations and experimental
results.”?

In the recent version of the CHARMM FF (CHARMMS36,
C36), improper torsion potentials are incorporated for atoms
in the heteroaromatic rings of histidine”® and nucleic acid
bases;"' " yet they do not arise for atoms in the aromatic rings
of tryptophan, tyrosine, or phenylalanine. It seems that C36
relies instead on torsion potentials in their rings to achieve
average planar structures and out-of-plane vibrations at appro-
priate frequencies. In an aromatic ring with a potentially planar
structure, a small change in torsion angles around the atoms in
the rings can cause nonplanarity. This approach, considering
only torsion angles in the FF equation for the aromatic rings of
Trp and Tyr, coupled with the significant roles played by the
structure of these two amino acids in biological phenomena
and a prevalence for nonplanar aromatic rings in molecular
simulations of peptides, encouraged us to investigate the
planarity of these rings during molecular simulations.

Some frequencies in Raman and infrared spectra corre-
spond to out-of-plane vibrations of atoms in the aromatic rings
of Trp and Tyr that have been described as out-of-plane bend-
ing, torsional internal coordinate, ring deformation, and ring
twisting.**~*®*® Improper torsion angles and changes to torsion
angle force constants for these atoms could alter out-of-plane
vibrational frequencies. Hence, we were motivated to calculate
the effect of force fields on out-of-plane ring vibrations.

In this work, we report the effects of applying different FF
sets on the structure and dynamics of atoms in the aromatic
rings of Trp and Tyr in MD simulations. The C36 FF has been
employed as a default FF. We then added an improper torsion
angle potential for atoms in the rings of Trp and Tyr. Different
values of improper torsion force constants have been evaluated.
In some cases, we changed the torsion angle force constant
around the aromatic rings of Trp and Tyr to investigate its
effects on aromatic ring planarity. First, a geometric analysis is

This journal is © the Owner Societies 2019
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applied to the MD results to quantify how changes in each FF
set affect the maintenance of planar structures. Next, we
applied all-atom normal mode analysis (NMA) to results of
equilibrated MD simulations to investigate how changing FF
parameters affected out-of-plane vibrations of atoms in the
rings of Trp and Tyr. This work helps us to study the effects
of improper and regular torsion angle parameters on the
planarity and out-of-plane vibrations of atoms in the rings of
Trp and Tyr, which are important because the amplitudes of
these motions directly impact interactions of heteroaromatic
rings with neighboring molecules. Results are compared to
Raman and infrared spectra and to quantum mechanics calcu-
lations results available in the literature.”>*****® Results with
zwitterions are compared to those of Trp and Tyr with methy-
lamide terminal groups.

Methodology

Force field setup

The recent version of the CHARMM36 (C36)”""° FF was used for
all MD simulations and minimizations. We investigated pla-
narity of heteroaromatic ring geometries by adding an impro-
per torsion angle potential for the atoms in the rings of
tryptophan (Trp, W) and tyrosine (Tyr, Y) within molecular
simulations.

Table 1 lists the sets of improper torsion angles for atoms
that we have considered in the rings of Trp (9 sets) and Tyr (6
sets). In each set, the improper torsion angle ¢ for the four
atoms is defined as the angle between the plane going through
the first three atoms in the set and a second plane going
through the last three atoms. We implemented the improper
torsion potential as

Uimproper = imp(q) - QDO)Z (1)

where Kin;, is the improper torsion angle force constant and ¢,
is the equilibrium improper torsion angle. The C36 FF uses
eqn 1 for other systems,”” such as histidine. Table 2 lists the
different Kinp, that were applied for different sets of minimiza-
tions and MD simulations in this work. The applied K, are of
the same order of magnitude as those used in C36 for similar

Table 1 Improper torsion angle sets considered for Trp and Tyr during
this work

Trp Tyr

Set Atom names” Set Atom names®

1 CG CD2 CD1 CB 1 CG CD2 CD1 CB
2 CD1 CG NE1 HD1 2 CD1 CG CE1 HD1
3 NE1 CD1 CE2 HE1 3 CE1 CD1 Cz HE1
4 CE2 NE1 CD2 CZ2 4 CZ CE1 CE2 OH
5 CZ2 CE2 CH2 HZ2 5 CE2 CzZ CD2 HE2
6 CH2 CZ2 CZ3 HH2 6 CD2 CE2 CG HD2
7 CZ3 CH2 CE3 HZ3

8 CE3 CZ3 CD2 HE3

9 CD2 CE2 CG CE3

¢ Atom names are taken from Fig. 1. These names differ from the
parameter names used in a C36 parameter file.

Phys. Chem. Chem. Phys, 2019, 00, 1-23 | 3
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Table 2 FF sets used in energy minimizations and MD

b
Kimpa Kior — Kg)3r6
(kcal mol ™" rad?)

Amino acid FF set FF set label (keal mol ™)

Trp 0° 0,0 0 0
1 5,0 5 0
2 10,0 10 0
3 20,0 20 0
4 90,0 90 0
5 0,-0.5 0 0.5
6 10,—0.5 10 —0.5
7 20,—0.5 20 —0.5
8 0,~1 0 -1
9 10,—1 10 -1
10 15,—1 15 -1
11 20,—-1 20 -1

Tyr 0° 0,0 0 0
1 5,0 5 0
2 10,0 10 0
3 20,0 20 0
4 90,0 90 0
5 0,~1 0 -1
6 10,—1 10 -1
7 20,—1 20 -1
8 0,-1.5 0 —-1.5
9 10,~1.5 10 ~1.5
10 20,—1.5 20 —-1.5

“ Kimp is the improper torsion force constant that we added to the C36
FF for sets of atoms in heteroaromatic rings (sets in Table 1). * K, is
the torsion angle force constant that we changed for atoms in the rings.
Kiox? is each C36 FF torsion force constant (Table S1, ESI). © C36 default
parameters.

systems. According to X-ray crystallography and ab initio calcu-
lation results,****3® all atoms of heteroaromatic rings fluctuate
about a plane at equilibrium; thus we set ¢, = 0 for all improper
torsion angle sets.

Next, we investigated the effects of varying torsion angle
force constants on the planarity of the Trp and Tyr rings. The
torsion angle sets that C36 applies for atoms in the rings of Trp
and Tyr are shown in Table S1, ESL.¥” Any change in a torsion
angle for atoms in an aromatic ring deforms planarity, so these
terms interact with the improper torsion angle terms. The
torsion angle potential equation used in the C36 FF has the
form>?

Utorsion = I<tor(1 + COS(I’[;{ - 6)) (2)

where K., is the side chain torsion angle force constant, y and ¢
are the torsion angle and an equilibrium torsion angle para-
meter, and the integer n affects the form of the potential. n
equals 2 and ¢ equals = for all torsion angles with parameters
that are varied in this work.

For most torsion angle sets listed in Table S1, ESIT (40 sets
for Trp and 20 sets for Tyr), we decreased K., by either 0.5, 1, or
1.5 keal mol™, as listed in Table 2. Since K, of torsion angle
sets 37-40 of Trp are small, we did not change them.

Both Kj,, and K, control bond forces that restore planarity
of a ring vibrating around its nominally planar equilibrium
structure. Different combinations of K, and K, provide
various extents of planar geometries and realistic dynamics
for the aromatic rings of Tyr and Trp. The first set used for both

4 | Phys. Chem. Chem. Phys, 2019, 00, 1-23
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molecules was the C36 FF in which Ky, = 0 and K, were
unchanged.

Simulations

The cationic ammonium (protonated amino) group and anio-
nic carboxylate group found in zwitterionic amino acids were
implemented for most simulations of Tyr and Trp molecules
(Fig. 1). pK, is low for the carboxyl group and high for the
amino group in aqueous solution;*® hence, these two amino
acids exist mostly as zwitterions at neutral or physiologic
pH.**® To check if charged end groups affect out-of-plane
motions of ring atoms, MD simulations using C36 were
repeated for Trp and Tyr with methylamide terminal groups
(Fig. S1, ESIY).

For energy minimization, systems that contain a single
molecule of either Trp or Tyr in a cubic vacuum box with a
dimension of 40 x 40 x 40 A® were prepared. The size of each
system was big enough so a Trp or Tyr molecule could not
interact with itself via periodic boundary conditions. The con-
jugate gradient method was used for energy minimization.
These minimized structures were used for calculating
reference modes.

For MD simulations, one molecule of zwitterionic Trp or Tyr
was solvated in the box by 1439 or 1144 water molecules,
respectively. The TIP3P model was used for the water
molecules.’” First, the systems of Trp-water and Tyr-water were
minimized. Following minimization, NPT MD simulation was
performed on each system with a time step of 1 fs until energy,
temperature, and volume fluctuations showed equilibration
(approximately 50 ps). MD simulation was continued for 250
ps after equilibrium, and pdb structural files were stored for
every time step of this period. Such a frequent output was
required in order to monitor ring geometry due to its high
vibrational frequencies. The last 200 ps were used in our
analysis. This method was repeated for all the different FF sets
for both Trp and Tyr (Table 2).

All minimizations and simulations were performed using
the NAMD®® package. Three-dimensional periodic boundary
conditions were applied. A cutoff of 12 A, a switch distance of
10 A, and a pair list distance of 14 A were set in all simulations.
Neighbor lists were rebuilt every 10 steps. Particle mesh
Ewald®® was used for long range electrostatic interactions.
Langevin dynamics with a damping coefficient of 1 ps™" was
applied to maintain a temperature of 298 K, while Nose-Hoover
Langevin piston pressure control was used with barostat oscil-
lation and damping time scales of 0.2 ps and 0.1 ps to provide a
constant 1 atm pressure.®>®!

To confirm that results were independent of temperature
and pressure control algorithms, NVE MD simulations using
C36 were performed starting from a configuration that was as
close as possible to the average volume found in the NPT
simulations.

Geometric analysis

To investigate the planarity of aromatic rings, two methods
were applied for each snapshot along an equilibrated MD

This journal is © the Owner Societies 2019
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trajectory. Carbon atoms with sp” hybridizations in a ring are
bonded as shown in Fig. 2 for central atom i connected to
atoms j, k, and I

In the first method, the sum of bond angles centered around
each atom except hydrogen in the ring was calculated (for
instance, o + § + y for atom 7 in Fig. 2a), and the average of
this sum was obtained over 200 ps during the MD simulation.
In a planar structure, the sum of bond angles around each atom
in the ring is 360°. If the sum is less than 360°, atoms will form
a nonplanar structure. This sum can never be greater than 360°.
By this analysis, we can determine how an applied FF set affects
the average sum of angles and “dimpling” from a plane.

In the second method, the distance (d ;) of the central atom
from the plane containing three connected atoms was calcu-
lated (Fig. 2b). Atoms i, j, k, and [ are located in the same plane
when d is zero. d, can be negative or positive depending on
the position of the central atom (i) on each side of the plane (j
— k —1). d, was calculated for all atoms in the rings of Trp and
Tyr, and averages and standard deviations were calculated over
200 ps. The standard deviation of d, contributes to under-
standing the magnitude of the out-of-plane fluctuations. This
was quantified further by a time autocorrelation function C(z),
averaged over all time origins ¢ within the trajectory,

(L (i 4 7)) — {d,)?
@2 — (L) ®)

C(r) =

where time difference 7 is an integer multiple of the time step
ot.

Fourier transformation (FT) has been applied to the auto-
correlation function results to convert from the time domain
into the frequency domain so out-of-plane fluctuation frequen-
cies of atoms in the aromatic rings can be investigated. These
frequencies clearly demonstrate how employing different FF
sets affects out-of-plane fluctuations of the atoms in the
aromatic rings.

All-atom normal mode analysis

All-atom normal mode analysis (NMA) was implemented to
investigate further the vibrational motions of atoms in the
heteroaromatic rings of Trp and Tyr within a classical force
field. NMA provides all vibrational frequencies in a system.>*>’
Movements of atoms in molecules are linear combinations of
these normal modes. In this method, the potential energy,

(a) (b)

Fig. 2 Atom i has bonds with atoms j, k, and (. Planarity is quantified using
(a) the sum of the angles (« +  + y) around atom i and (b) the distance d
from atom i to the plane containing atoms j, k, and (.
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which is written on a basis of atomic coordinates (X), is
expanded about a local minimum or stationary point (X,) by
the Taylor series>*>>°

UX) = U(Xo) + U'(Xo)(X — Xo)

1 Trm (4)
+5(X = X0) U (Xo) (X = X) + ...

Because the first derivative of potential energy U'(X,) is zero at
stationary points, the second term on the right-hand side drops
out. U'(X,) is the second derivative of potential energy with
respect to Cartesian coordinates of each atom, which is called
the Hessian matrix H. Rearranging eqn (4) leads to

UX) = U(Xo) + %(x ~X\)'Z"ZHZ"Z(X - Xo) +... (5)
where Z is a matrix that ensures ZHZ" is a diagonal matrix, and
the product Z"Z equals the identity matrix. If there are N atoms,
then the dimensions of the Hessian matrix are designated as
3N x 3N. Taylor series terms of higher than second order are
neglected in the harmonic approximation.

Calculating the Hessian matrix leads to the normal modes of
each molecule. First, the Hessian matrix needs to be converted

to an equivalent force-constant matrix>*®*

F= M—l/ZHM—l/Z (6)

where M is a diagonal matrix containing the atomic masses.
The eigenvalues and eigenvectors of matrix F are calculated by
solving

FV, = ;LiVi (7)

where /; is an eigenvalue and V; is an orthonormal eigenvector
that has a dimension of 3N x 1. Similarly, Lagrangian
mechanics applied to the kinetic and potential energies leads
to N linear differential equations. By assuming an oscillatory
solution for these equations, we also reach the same eigenva-
lue-eigenvector problem (eqn (7)). Hence, each Z; can be used
to calculate the frequency (v;) of normal mode i by>*>®

vi=7 /2n 8)

Each obtained frequency () corresponds to a different mode of
motion, and each eigenvector (the normal mode vector, V)
specifies the vibrational motions of atoms that correspond to
that frequency, ie., each normal mode vector indicates the
direction that all atoms move in that mode. Six modes with
eigenvalues of zero within numerical precision represent the
translation and rotation of these molecules; hence, there are 3N
— 6 total vibrational modes in a system of N atoms.>**
Vibrational modes are calculated here without regard to selec-
tion rules that dictate which modes show infrared or Raman
activity.

We developed a package for NMA using the C++ language. In
this package, the Hessian matrix was calculated analytically
using the Cartesian coordinates of atoms and the FF para-
meters. The chain rule was applied to calculate the second
derivative of potential energy with respect to Cartesian
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coordinates. The C++ LAPACK library®> has been used for
numerically solving eigenvalue-eigenvector problems. Further-
more, this package provides an animation of each vibrational
mode that may be viewed using VMD®* software.

To build the Hessian matrix, potential energy expressions
for bond, angle, torsion, improper torsion, Urey-Bradley, and
nonbonded (Lennard-Jones and Coulomb) interactions were
used to calculate the total potential energy. Periodic boundary
conditions were applied. The same cutoff and switch functions
that we have used for MD simulations were applied for
Lennard-Jones and short range Coulomb interactions. We
applied the same potential energy equations that are defined
in the NAMD and C36 FFs, except for long range electrostatic
interactions. The electrostatic potential equation has the
form>?

qid;j
Uq = — 9
=X s ©)

where g; and g; are the partial atomic charges of atoms i and j,
respectively, ¢, is the permittivity of free space, and r; is the
distance between atoms 7 and j. The second derivative of the
electrostatic potential for atoms with a large r; is close to zero.
Therefore, we chose to omit long range electrostatic interac-
tions in NMA calculations. We have verified the implementa-
tion of each analytical derivative that leads to the Hessian
matrix by comparing to numerical derivatives for small
molecules.

For NMA calculations, only FF parameters and molecule
coordinates are needed to calculate vibrational modes V;. We
applied NMA on the energy minimization results for each FF set
(12 sets for Trp and 11 sets for Tyr) to find all possible
vibrational modes. We divided all normal vibrational modes
into three categories: out-of-plane, planar, and backbone/linker
modes. In out-of-plane modes, atom vibrations deformed the
planarity of the ring. In planar modes, ring atoms moved within
the ring plane. Backbone/linker modes involved atoms not in
the rings. Our main interest in this work is out-of-plane modes.
These were identified by visualizing animations of all normal
modes using VMD.** Monitoring d, for each mode led to a
consistent choice (ESIT).

Comparing normal modes across simulations

For each FF set, out-of-plane normal modes obtained from the
minimized structures of isolated amino acids were considered
as reference modes. Applying different FFs can cause similar
modes to arise at different frequencies. To find similar modes,
a technique using the dot product of two modes from different
FF sets as a guide was applied. We start with an eigenvector V¢
for mode i from FF set A (0,0) and calculate its dot products
with all the modes j from another FF set “B”. The largest dot
product indicates the mode V} in the second FF that is the most
similar to mode V7 in FF (0,0). Our package systematically finds
similar modes on the basis of this method.

To perform averaging within each defined FF set, MD
simulations of Trp and Tyr in solution were conducted. NMA
was applied for each time step (3¢ = 1 fs) along an equilibrated

6 | Phys. Chem. Chem. Phys, 2019, 00, 1-23
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MD trajectory (200 ps). Since all of the derivatives were calcu-
lated analytically, building the Hessian matrix in our package is
fast even for larger systems; more time is spent calculating
eigenvalues and eigenvectors because the speed of this calcula-
tion decreases with a scaling of ~N? as the number of atoms in
the system increases. By applying instantaneous NMA on a
whole system of amino acid + water, a large number of modes is
obtained. Most of these modes correspond to water molecule
vibrations that are not related to the Trp or Tyr molecule of
interest. Thus, instead of applying instantaneous NMA on the
whole system for each trajectory, we applied it on just the Trp or
Tyr molecule. To validate this assumption, using the C36 FF set
as an example, we applied NMA on the entire system including
water in a minimum energy configuration. To simplify the
system, only water molecules whose atoms are closer than 6 A
to any of the atoms of the Trp and Tyr molecules were included
in the NMA calculations (see Fig. 3). NMA results for this system
were compared to those from the system of zwitterion alone in
a vacuum.

The next step was finding similar normal modes over 200 ps
trajectories by using reference modes. First, dot products of
reference eigenvectors and eigenvectors of the current snapshot
were calculated. Since the positions and orientations of Trp and
Tyr molecules changed during an MD simulation, the amino
acid was translated and rotated to align with the reference
structure (minimized structure) before calculating the dot
product. Consequently, the eigenvectors of each configuration
along a trajectory were also reoriented. The most similar modes
have the greatest dot product that corresponds to the amino
acid portion of the eigenvectors. Finally, an arithmetic average
of wavenumbers for similar modes was calculated over 200 ps
for each set of MD simulations, i.e., for each FF. This time is

Fig. 3 Subset of the overall Trp + water system that was considered for
NMA calculations. The purple dashed lines show hydrogen bonds between
Trp molecule and water molecules that were identified using PyMOL.%®
The maximum distance for ideal hydrogen bonds and the maximum angle
for a marginal hydrogen bond are 3.6 A and 63°, respectively.
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long enough to average over many vibrations within the local
potential energy minimum. This method helps in understand-
ing the effects of changing FF parameters on the resulting
geometry (planarity) and out-of-plane normal modes of Trp
and Tyr.

The instantaneous NMA method was also applied on systems
of Trp and Tyr with methylamide terminal groups in water and
on zwitterions sampled in the NVE ensemble (results in ESIf).

Results and discussion
Geometric analysis

We performed MD simulations that employed different FF sets
(Table 2) on aqueous solutions of either tryptophan (Trp, W) or
tyrosine (Tyr, Y). We monitored the dynamic structures of these
zwitterionic amino acids by applying geometric analysis on the
results of equilibrated MD simulations. The same procedure
employing C36 has been used for Trp and Tyr with methyla-
mide terminal groups; results are provided in ESI,{ Fig. S2 and
S3. As an example, results for the nitrogen atom (NE1) in the
indole ring of Trp and gamma carbon (CG) in Tyr are plotted in
Fig. 4 and 5, respectively. Fig. 4a shows the sum of the bond
angles around NE1 as a function of simulation time when
applying the C36 FF (Table 2, set 0). The sum around NE1
has significant differences from 360° during the 200 ps simu-
lated, indicating that the aromatic ring of Trp experiences a
nonplanar structure around NE1 when using the C36 FF.

360

350 §

340

Sum of Angles (deg)

330

1
0 50 100 150 200
MD simulation time (ps)

O

" PR PR S S S
0 50 100 150 200
MD simulation time (ps)

Paper

Occasionally, the bond angle sum around NE1 reached as low
as 330°. Fig. 4b shows the results of monitoring the bond angle
sum around NE1 when applying parameter set 4 (Table 2,
(90,0)). In this FF set, an improper torsion potential with a
force constant of 90 kcal mol™"' rad > has been adopted for
atoms in the ring of Trp. As shown in Fig. 4b, although there
were some moments when the sum reached a minimum of
354.06°, the sum around NE1 was consistently closer to 360°
when such a stiff improper torsion potential was included. The
sum around CG in Tyr reached a minimum around 353° during
MD simulations with the C36 FF (Fig. 5a). However, when
applying an improper torsion function (Kimp, = 90 keal mol ™!
rad ?) for all atoms in the ring of Tyr, the sum is closer to 360°.
In both cases, since the sums were shifted closer to 360°, we can
state that the structures of Trp around NE1 and Tyr around CG
remained closer to planar when including improper torsion
terms for these two heteroaromatic rings.

The deformation distance (d, ) of atom NE1 from the base
plane containing adjacent atoms HE1, CD1, and CE2 (Fig. 1)
also quantifies the planarity of the heteroaromatic ring. Fig. 4c
and d present plots of d, fluctuations calculated for NE1 by
applying C36 and then by including the improper torsion (Kjm
=90 kecal mol ™" rad?) function, respectively. When including
an energy term for improper torsion angles, the average of d |
shifted closer to zero. In addition, the maximum deviation of
d, decreased from +0.402 A to +0.163 A while its standard
deviation decreased from +0.108 to +0.043 A when applying an

360
%" 350 F .
5]
b
=]
< 340t i
=]
g
|-
wn
330 -
(b) 1 1 1
0 50 100 150 200
MD simulation time (ps)
T T T
04| S

04F@ . T

0 50 100 150 200
MD simulation time (ps)

Fig. 4 The sum of angles around NE1 in Trp as a function of simulation time (a) by applying the C36 FF (Trp set 0) and (b) by including an improper
torsion function with Kim,, of 90 kcal mol ™ rad ™2 (Trp set 4). The calculated d ; for NE1 as a function of time (c) by applying the C36 FF and (d) by including
an improper torsion function with Kin,, of 90 kcal mol™* rad~2. A sum of 360° and d, = O correspond to planarity.
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Fig. 5 The sum of angles around CG in Tyr as a function of simulation time (a) by applying the C36 FF (Tyr set 0) and (b) by including an improper torsion
function with Kim, of 90 kcal mol~* rad™2 (Tyr set 4). The calculated d, for CG as a function of time (c) by applying the C36 FF and (d) by including an
improper torsion function with Kim, of 90 kcal mol ™ rad 2. A sum of 360° and d, = O correspond to planarity.

improper torsion function. Therefore we conclude that inclusion
of improper torsion terms decreases out-of-plane displacement of
NE1 and leads to Trp maintaining a more planar structure around
NE1. Furthermore, geometric analysis results for CG demonstrate
that adding an improper torsion term (K, = 90 keal mol ™" rad )
to the C36 FF decreases the fluctuations in d | for the heteroaro-
matic ring in Tyr; maximum deviation of d, decreased from
+0.216 A to +0.158 A and standard deviation decreased from
4+0.051 A to +0.032 A. Including improper torsion angles had
similar effects on the geometry results for other atoms in the
heteroaromatic rings. Out-of-plane fluctuations for Trp and Tyr
with methylamide terminal groups were comparable to those in
zwitterions. Results are shown in Fig. S6 and S7, ESL.f Compar-
able results also were obtained for NE1 of Trp and CG of Tyr in
NVE MD simulations (Fig. S10 and S11, ESI¥).

To compare the effects of different FF modifications on the
geometries of Trp and Tyr, the average sum of bond angles and
the average out-of-plane deformation d; were calculated using
200 ps MD simulations of zwitterions in water. In the upper
panel of Fig. 6, we plot the effects of different FF sets on the
average sum of bond angles around each atom in the ring of
Trp. NE1 has the highest difference from the average sum of
360° in all FF sets. The FF set with an improper force constant
of 90 kcal mol " rad " resulted in the most planar structure for
the indole ring compared to other FF sets. Even the average
sum of NE1 was 359.6° in this case, which means NE1 stayed
close to the plane of the indole ring throughout the MD

8 | Phys. Chem. Chem. Phys, 2019, 00, 1-23

simulation. By considering improper torsion and increasing
Kimp, the average sum around all atoms, not only NE1, was
shifted closer to 360°, indicating that the indole ring of Trp
maintained a planar structure. The lower panel of Fig. 6 shows
the average d ; of all atoms in the indole ring for each set of MD
simulations using different FF parameters. Although in all sets
the average d, was close to zero, the averages were closer to
zero in the FF set with Ky, = 90 keal mol ™' rad 2. These results
indicate that out-of-plane displacement among adjacent atoms
decreased and atoms formed a more planar structure as the
improper torsion force constant increased. The lower panel of
Fig. 6 also shows the standard deviation of each d,, which
demonstrates the extent of out-of-plane displacements. The
standard deviation of d | decreased for all of the atoms in the
heteroaromatic ring as Kjy, was increased; this limited the
atom movements and caused them to fluctuate closer to the
plane of the indole ring in Trp simulations.

The right side of Fig. 6 shows how making coarse changes to
the coefficients for regular torsion angles around the ring
affects the geometry results. In the FF sets in which the torsion
angle force constants (K,) of all atoms in the ring were
decreased by 1 kcal mol *, the spreads in the average d, of
atoms from the ring were slightly larger than for set (0,0). The
average bond angle sums show a little less planarity when
compared to those from simulations using the C36 FF. This
result is plausible because decreasing all K, decreases the
energy penalty for out-of-plane displacements of atoms, and
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Fig. 6 Variability in the average sum of bond angles and the average d; for atoms in the rings of Trp over a 200 ps simulation for each FF set. x-Axis

labels are Kimp, {Kior — KtCOZ;G}; atom labels in the legend are taken from Fig. 1.

consequently the atom deviations from a planar ring structure
increased.

Employing both modifications simultaneously leads to
some cancellations. Out-of-plane fluctuations are smaller, yet
not as small as when torsion parameters were unchanged.
Decreasing the K, while including a term that accounts for
improper torsion motions increased the overall planarity.

The results of monitoring the planarity of atoms in Tyr
simulated under different FF sets are compared in Fig. 7. For
the C36 FF (label 0,0), there were differences in the average bond
angle sum from 360° for atoms in the ring of Tyr. These
differences, which were smaller than those calculated for Trp,
were reduced by incorporating an improper torsion potential
term with higher Kj,,. The strongest improper torsion potential
(Kimp = 90) contributed to a decrease in the standard deviation of
d, for each atom in the ring, which indicates that the atoms
fluctuated within a smaller amplitude perpendicular to the plane
of Tyr. Gradually decreasing all of the original K, caused the
atoms of the Tyr ring to be generally less planar compared to the
structure obtained using the C36 FF. Applying improper torsion
on this decreased K. FF set, for example (10,—1), contributed
toward the aromatic ring becoming more planar; however, the
Tyr ring in this case was no more planar in comparison to
simulations using the C36 FF. The overall geometric analysis
implies that including an improper torsion potential term
reduces the nonplanarity of the aromatic ring by limiting out-
of-plane fluctuations that were enhanced by reducing K.

This journal is © the Owner Societies 2019

The geometric results of NVE MD simulations of zwitterionic
Trp and Tyr are compared to NPT MD simulation results in Fig.
S6 and S7, ESL.f The similarities between NVE and NPT averages
confirm that the temperature and pressure control algorithms
applied in NPT MD simulations have not affected the out-of-
plane motions of atoms in the rings of these two molecules.

Quantum mechanics calculations for p-Trp show sums of
360° for all ring atoms in a conformer with an optimized
structure.> Interior angle sums of 720° for the phenyl ring
and 540° for the pyrrole ring in that work are also consistent
with a planar geometry. Quantum mechanics calculations on t-
Trp*>*® do not report enough angles for comparisons to be
made around each ring atom. For the benzene ring in t-Trp,
Leyton et al.*® report interior bond angles that sum to 719.7°,
just below the 720° of a planar hexagon. It is not clear if the 0.3°
difference is significant or is a consequence of rounding. Cao
and Fischer report interior angles that sum to 719.99° for this
ring. Bond angles reported in quantum mechanics calculations
on Tyr*" indicate sums of 360° for angles around five of the ring
carbon atoms, with the sixth reaching 360.01°.

Impacts of nonplanar geometry

The out-of-plane deviations quantified in Fig. 6 and 7 have
potential impacts on the biological activity of Trp and Tyr.
Larger-scale vibrations of ring atoms affect the ability of other
molecules to reside nearby. While sub-Angstrom differences are
small on an absolute scale, they can impact the concentration
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Fig. 7 Variability in the average sum of bond angles and the average d ; for atoms in the ring of Tyr over a 200 ps simulation for each FF set. x-Axis labels

are Kimp, (Kior — Kioi%); atom labels in the legend are taken from Fig. 1.

and proximity of the closest molecules. To investigate this
issue, we calculated the radial distribution function g(r)
between atoms in the rings of Trp or Tyr and atoms of water
molecules on the basis of 200 ps MD simulation results by
using the VMD®* software. Changes in out-of-plane fluctuations
affected the position of the closest neighbor shell. For example,
Fig. 8 shows g(r) between the NE1 atom of Trp and the hydrogen
atoms of water molecules for three different FF sets. Differences
in g(r) over a plateau around r ~ 3.7 A to 5.5 A confirm that
applying different FFs affects the probability of water molecules
that are closest to atom NE1. We found the same effect to a
greater extent for atoms in the ring of Tyr, as shown in Fig. 9 for
g(r) between the CD1 atom of Tyr and oxygen of water mole-
cules for three different FF sets. Hence, larger vs. smaller out-of-
plane vibrations of heteraromatic rings impact interactions

— T T T T T T T T T T T
i 0.0 454
T\
08
E 06} \ i
Ehad| 90,0
04 F §
02F .
0 1 N 1 " 1 N l N l N 1

0 2 4 6 8 10 12 14 16
r(A)

Fig. 8 NEL(Trp)—H(H,0O) radial distribution function on the basis of three

different FF sets.
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with other nearby molecules. Examples include the effective
size of a ring as it shapes an active site or inserts into a
membrane.

Out-of-plane dynamics

The dynamics of out-of-plane distance fluctuations within
simulated structures were considered next. The autocorrelation
function C(z) of d, (eqn (3)) was first calculated for each FF set
listed in Table 2. Though the full range of time separations was
computed, only the first 2 ps are shown because that encom-
passes the full relaxation to zero. To convert calculated time
domain results of C(r) into the frequency domain, Fourier
transformation (FT) was then performed on the C(t) results. A
10-point moving average was applied to the frequency domain
results.®® Fig. 10 and Fig. S8 (ESIt) provide C(t) and 10-point

0 | 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

r(A)
Fig. 9 CD1(Tyr)-O(H,O) radial distribution function on the basis of three
different FF sets.
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Fig. 10 (a) The time autocorrelation function of d; and (b) its Fourier transform for atoms NE1, CD1, HE1, and CE2 of Trp under some FF sets.
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12 | Phys. Chem. Chem. Phys, 2019, 00, 1-23 This journal is © the Owner Societies 2019

10

N}
93]

40

50

9
w1



10

[\
92}

30

40

50

(93]
w1

PCCP

moving averages after FT for planes centered on atoms NE1 and
CE3, respectively, of the aromatic ring of Trp. Fig. 11 and Fig. S9
(ESIt) provide analogous results centered on CG and CZ of Tyr,
respectively. Separate rows in these figures show results for
different FF sets.

As implied in Fig. 10a, the relaxation time decreases when
improper torsions are included in C36. Applying the largest
improper torsion parameter induced an oscillation of period
~1/5 ps. When improper torsion terms were included, the NE1,
CD1, HE1, and CE2 atoms of Trp tended to spend shorter
periods of time away from a planar structure than without
improper torsion contributions. In Fig. 10b, each peak shows
frequencies that correspond to out-of-plane displacements of
these atoms in the rings. Although d , represents the distance of
the central atom from the plane containing three connected
atoms, this does not mean that only the central atom is moving
while the other three connected atoms do not move during an
MD simulation. Instead, frequencies obtained from each FT
correspond to out-of-plane displacement vibrations of all four
connected atoms for which d | has been calculated. These out-of-
plane vibrational peaks shifted to higher frequencies after
including the improper torsion term for these four atoms. An
improper torsion potential controls only out-of-plane motions of
atoms. While increasing Kin,, decreases out-of-plane displace-
ments of atoms in the aromatic rings, the speeds of these
displacements increased as a result, and the frequencies of these
vibrations increased. For the (0,—1) FF set, which corresponds to
changes only in the torsion angle potential, neither a significant
difference in the relaxation time nor a shift to lower frequencies
was seen. Upon adding the improper torsion term to this FF set,
such as in case (15,—1), the relaxation time decreased and thus
shifted the out-of-plane vibrations to higher frequencies. For
atom CE3 (as a central atom), surrounded by CD2, CZ3, and
HE3, the relaxation time does not change significantly for each
different FF set (Fig. S8a, ESIt). However, Fig. S8b (ESIt) shows
that out-of-plane vibrations shifted to higher frequencies as the
improper torsion force constant increased. For the (0,—1) FF set,
peaks shifted to lower frequencies compared to the C36 FF
because the torsion angle force constant had decreased. For
the (15,—1) FF set, the peaks shifted back toward higher fre-
quencies. For example, the peak around 1000 cm™ ' in the C36 FF
set was shifted to around 950 cm ™" in the (15,—1) FF set. Results
with the C36 FF are comparable for methylamide terminal
groups (Fig. S2c and d in ESI{) and for zwitterionic Trp in NVE
MD simulations (Fig. S4c and d in ESIY).

Similarly, out-of-plane displacements among central atom
CG and neighbors CD1, CD2, and CB (Fig. 11) and among
atoms CZ, CE1, OH, and CE2 (Fig. S9, ESI{) of Tyr shifted to
higher frequencies after including an improper torsion term. In
both cases, when employing the (0,—1) FF set, peaks shifted a
little to lower frequencies compared to the C36 FF. When
employing the (10,—1) FF set, the peaks remained around the
same frequencies as produced by the C36 FF. Results with the
C36 FF show similar frequencies for methylamide terminal
groups (Fig. S3c and d in ESIf) and for zwitterionic Tyr in
NVE MD simulations (Fig. S5¢ and d in ESIY).

This journal is © the Owner Societies 2019
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Out-of-plane normal modes

For both Trp and Tyr, the out-of-plane displacements suggest
that multiple force field parameterizations enable an amino
acid to exhibit the same vibrational frequencies yet different
fluctuations from planarity. These results also indicate that
although including improper torsions for atoms in the rings of
Trp and Tyr contribute to atoms being in a planar ring
structure, including improper torsion terms and changing
torsion angles around these atoms also have direct effects on
the out-of-plane vibrations and dynamics of atoms in the rings.
Out-of-plane vibrations of a single atom also arise at multiple
FF-dependent frequencies.

The effects of improper torsion and torsion angles on the
dynamics and vibrations of atoms encouraged us to investigate
the effects of different FF sets on atomic vibrations in more
detail by applying all-atom normal mode analysis (NMA), which
provides dynamics information to complement the geometric
analysis of heteroaromatic ring planarity. First, NMA was
implemented on the minimized structures of Trp and Tyr in
vacuum and then in aqueous solution on the basis of the C36
FF to find the effect of water molecules on the vibrational
modes of Trp and Tyr. Our results, shown in Fig. 12 and
discussed below, indicate that water-amino acid interactions
did not impose important changes on the vibrations of the
atoms within the side chain aromatic rings. Hence, NMA was
applied to individual Trp or Tyr configurations over MD simu-
lations of aqueous solutions that were conducted using the
different FF sets. NMA results were compared to prior Raman
(RS) and infrared (IR) spectroscopy*>***®*® and quantum
calculation (QC)*******% results to show how a range of FF
set modifications affect atomic vibrations in heteroaromatic
rings while simultaneously altering the planarity of such rings.
Geometric analysis of individual modes is discussed in ESL.

Effects of water molecules on normal modes

To check whether applying NMA on an individual amino acid
molecule is sufficient to simulate out-of-plane motions, com-
pared to NMA on the entire amino acid/water system, NMA was
applied on the minimized structures of Trp and Tyr in both
vacuum and in aqueous solution using the C36 FF. Fig. 12a and
b provide results for Trp and Tyr, respectively. In each graph,
the upper panel shows the frequencies that were obtained for
the minimized structure of each aromatic amino acid. These
modes were considered as reference modes for the C36 FF.
There are 3N — 6 = 75 and 66 normal modes calculated for the
Trp and Tyr molecules, respectively. Visualizations indicated
some backbone/linker vibrational modes centered away from
the rings of each amino acid (such as on the ammonium group,
alpha carbon, carboxylate group, or linker beta carbon of Trp or
Tyr) in which atoms in the aromatic rings did not move. For
clarity, only frequencies that correspond to vibrational motions
that include atoms in the aromatic rings are presented. Some
vibrational modes that are presented in the upper panels of
Fig. 12 included combined motions of atoms in the linker,
backbone, and aromatic rings. Animations that show all
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Fig. 12 Calculated normal mode frequencies using the C36 FF, which correspond to vibrations of atoms in the rings of (a) Trp and (b) Tyr. Each upper
panel shows frequencies from NMA results on a minimized structure of the amino acid (no y-axis units), while each lower panel shows NMA results on an
analogous aqueous system (y-axis indicates similarity between modes). Colors for each amino acid indicate modes with similar ring vibrations.

calculated vibrational modes for Trp and Tyr in vacuum (on the
basis of the C36 FF) are provided in ESI.{ In addition, all
reference modes on the basis of the C36 FF are listed in Tables
S2 and S3 (ESIt) for Trp and Tyr, respectively.

In the simulated systems of each amino acid with water,
there were a large number of vibrational modes in which only
the water molecules vibrated. In most of the modes that
corresponded to vibrations of the atoms in aromatic amino
acids, water molecules also vibrated. Since there were signifi-
cantly more atoms in water than in Trp or Tyr, water molecule
vibrations corresponded to the largest portion of the eigenvec-
tors of these modes. To find similar modes between the
vacuum and aqueous systems, the highest dot product of each
reference eigenvector and corresponding eigenvectors of the

14 | Phys. Chem. Chem. Phys, 2019, 00, 1-23

aqueous system needs to be found. To that end, we reduced the
eigenvectors of the aqueous system by removing (x, y, z) atom
coordinates of the water molecules, leaving only the amino acid
components. Then these eigenvectors, which had the same
number of elements as the reference eigenvectors, were renor-
malized and used in the dot product comparisons. As a result,
the lower panels of Fig. 12a and b provide only the modes in the
aqueous system that correspond to vibrations of atoms within
the aromatic rings. Vibrational modes in the upper and lower
panels of Fig. 12, which are shown with the same color,
correspond to similar motions. The peak heights for modes
in the lower panel of these graphs indicate the value of the
highest dot product; a higher dot product indicates more
similarity between the two vibrational modes. In some cases,
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especially at frequencies less than 1000 cm ™, a single reference
mode in vacuum was found to have several similar vibrational
modes in the aqueous system. This indicates that some modes
of Trp or Tyr are distributed over a closely related range of
frequencies in the aqueous system. It can be seen in Fig. 12 that
the frequency distribution of each mode in the aqueous system
was centered around the frequency of its corresponding refer-
ence modes. Through watching animations of these distributed
aqueous modes, we found that water molecules have vibrations
that are mainly caused by their interactions with each other.
Coincidentally, some modes in isolated Trp and Tyr heteroaro-
matic rings have the same frequencies as modes in the aqueous
systems that include combinations of both water vibrations and
Trp or Tyr vibrations.

We have not only relied on the results of dot product
calculations to find similar modes to the C36 reference modes,
especially in cases where all the atoms in Trp or Tyr rings were
moving together. In some modes, more participation came
from atoms in the zwitterionic portions of Trp and Tyr than
from atoms in the aromatic rings. Although the dot product
was high enough for such modes, similarity of vibrational
motions within the aromatic ring cannot be demonstrated;
essentially they are backbone/linker modes with small ring
contributions. Hence, in these cases, similar modes were
chosen solely on the basis of observed movements of ring
atoms in the animations.

In aqueous systems, charged ammonium and carboxylate
groups have significant nonbonded interactions with water
molecules, such as hydrogen bonds shown in Fig. 3. These
hydrogen bonds were identified by applying the default
PyMOL® hydrogen bond criteria: 3.6 A for the maximum
distance of ideal hydrogen bonds and 63° for the maximum
angle of a marginal hydrogen bond. These nonbonded interac-
tions, which do not exist in the vacuum systems, clearly affect

Paper

vibrational motions of atoms in these functional groups. Con-
sequently, reference modes that include vibrations of these
ionic groups become distributed over some frequencies in the
aqueous system. Specific modes that correspond only to
motions of these end groups are not included in Fig. 12. In
some modes of Trp and Tyr, atoms in both the zwitterionic
portion and the aromatic rings were vibrating. The nonbonded
interactions of ionic groups in these modes in aqueous systems
could be one cause that affects these frequencies.

The vibrational frequencies of ring atoms in the Trp or Tyr
that have a high electronegativity (such as NE1) can also be
affected by nonbonded interactions with water molecules. For
example, there is a bond stretching vibrational mode for the
nitrogen atom and the attached hydrogen atom (HE1) in the
indole ring. Our results with C36 FF find this mode at a
frequency of 3680 cm ™' for the vacuum and 3655 cm™ ' for
the aqueous systems, respectively. In the aqueous system, HE1
forms a hydrogen bond with an oxygen atom of a water
molecule (Fig. 3). This shift to lower frequency is qualitatively
consistent with experiment. Raman and infrared spectroscopy
studies of pyrrole in bulk and in carbon tetrachloride solution
found that the NH stretching band shifted 93 cm ™" lower when
NH groups self-associated by hydrogen bonding in solution.®”
Here we have found a shift of 25 cm™" lower due to hydrogen
bonding to water in our simulations.

In summary, consideration of water molecules in NMA
calculations does not significantly change the frequencies of
modes that correspond to vibrations of atoms in the aromatic
rings of Trp and Tyr. The dot products of each reference
eigenvector and the eigenvectors of the solution system indi-
cate that vibrational modes of atoms in the aromatic rings
occur at similar frequencies. For both systems, some of these
modes are distributed in the solution system around their
reference frequency in a vacuum system (Fig. 12). The main

0,0
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1500

out-of-plane modes

l
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Fig. 13 Reference vibrational frequencies for Trp calculated by NMA on the basis of minimum-energy structures using different FFs, labeled as (Kimp,
{Kior — K&8)). Only frequencies of modes that include out-of-plane components, indicated by taller red bars, changed for each FF set.
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effects of water molecules on normal modes involve zwitterion
vibrations, rather than out-of-plane vibrations. These results
support our hypothesis that applying NMA by using individual
Trp or Tyr configurations within MD simulations of aqueous
solutions does not significantly affect out-of-plane vibrational
frequencies of atoms within the aromatic ring.

Effects of different force fields on vibrations

NMA was applied separately on single minimized structures of
Trp and Tyr zwitterions for each FF set, and the obtained
eigenvectors were considered as reference modes. Fig. 13 and
14 show the vibrational frequencies of these reference modes
for some FF sets. Reference modes that include out-of-plane
vibrations are indicated by taller red bars and by letters in
Tables S2 and S3, ESL.T Only these were affected by changes in
Kimp and Ki,r. Modes that contain in-plane vibrations of atoms
in the rings are shown by shorter bars of other colors. Some
normal modes contained out-of-plane and planar vibrations;
these are indicated by using both bars and by underlining their
labels in Tables S2 and S3 (ESIt). Frequencies of modes that did
not contain out-of-plane components remained unchanged
across these FF sets. One case for Trp (mode 45, Table S2,
ESIt) showed a very small HE3 out-of-plane fluctuation amidst
vibrations dominated by planar and backbone/linker motions.
This mode was not labeled because its out-of-plane component
was so small.

To find similar modes between two FF sets, dot products of
their reference eigenvectors were calculated. Modes with the
highest dot product were identified as similar modes and
labeled by the same letters for averaged results shown in Fig.
15 and 16. Moreover, we watched animations of out-of-plane
vibrational modes to confirm and interpret the significance of
the dot products.

PCCP

For each FF set, out-of-plane reference modes enabled
finding the frequencies of similar modes throughout each
amino acid/water MD simulation. The time average for each
out-of-plane mode frequency was calculated over a 200 ps
trajectory. There were some modes in which atoms vibrated
in the rings, linkers, and backbones of Trp and Tyr. In some of
these modes, atomic vibrations in the linker or the backbone
were more intense compared to the atomic vibrations in the
rings. In these cases, the highest dot product mainly signified
atomic vibrations away from the rings. Since we were interested
in finding only similar modes that corresponded to out-of-
plane vibrations of atoms in the rings, we reduced the dimen-
sions of the eigenvectors by removing the (x, y, z) atom
coordinates of the linker and the backbone in the dot product
calculations for both Trp and Tyr molecules. The averaged out-
of-plane vibrational frequencies for Trp and Tyr are presented
in Fig. 15 and 16, respectively.

To evaluate the FF sets, we compared the calculated out-of-
plane frequencies to Raman spectroscopy (RS) and quantum
calculation (QC) results obtained from Hernandez et al.** They
assigned each frequency of the RS to a similar one from QCs for
frequencies greater than 550 cm™' for Trp and 650 cm ™" for
Tyr. They also described the vibrational motions for each mode
using terms such as ‘“out-of-plane bending” and “torsional
internal coordinate around the aromatic rings”.** This enabled
us to compare our calculated frequencies for out-of-plane
modes with their results by watching animations of all the
vibrational modes, interpreting these motions, and matching
the descriptions they reported. These comparative data are
presented in the second and third panels of Fig. 15 and 16.
Similar comparisons, though with less clear descriptions avail-
able, are possible with the IR data shown in the first panels*®*°
and with RS and QC results from other literature***®*° at lower
frequencies.

0,0

out-of-plane modes

5,0

20,0

10,-1

3500 3000

1500

1000 500 0

-1
wavenumber (cm )

Fig. 14 Reference vibrational frequencies for Tyr calculated by NMA on the basis of minimum-energy structures using different FFs, labeled as (Kimp,
{Kior — K&8)). Only frequencies of modes that include out-of-plane components, indicated by taller red bars, changed for each FF set.
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Fig. 15 Normal mode frequencies for Trp. All peaks in all panels present out-of-plane frequencies of Trp. The first panel presents prior infrared spectra
(IR) in solution (brown) and solid phase (orange) of Trp.*® The second panel presents prior Raman spectra (RS) of Trp in solution (black®® and grey“®) and
solid phase (light-grey).** The third panel presents prior quantum calculations (QCs) of Trp + 7H,O (indigo),** Trp in solution (magenta),*® and solid phase
(pink).** Other panels show out-of-plane vibrational modes from NMA for each FF set, labelled as (Kimp. {Kior — Kioi?}) and averaged using MD of aqueous
solution over 200 ps. Similar modes are shown with the same letter. ‘Not Available’ indicates ranges in which no vibrations were reported in the cited
literature.
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Fig. 16 Normal mode frequencies for Tyr. All peaks in all panels present out-of-plane frequencies of Tyr. The first panel presents prior solid phase
infrared spectra (IR, brown) of Tyr.*® The second panel presents prior Raman spectra (RS) of Tyr in solution (black®® and grey*®). The third panel presents

prior quantum calculations (QCs) of Tyr + 7H,0 (indigo)*® and Tyr in solution (magenta).*® Other panels show out-of-plane vibrational modes from NMA

for each FF set, labelled as (Kimp, {Kior — Kﬁf,‘s)) and averaged using MD of aqueous solution over 200 ps. Similar modes are shown with the same letter.
‘Not Available” indicates ranges in which no vibrations were reported in the cited literature.
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Vibrational analysis of tryptophan

The calculated out-of-plane vibrational modes of Trp on the
basis of the C36 FF are presented in Fig. 15. These results were
obtained by taking the arithmetic average of wavenumbers for
similar modes in aqueous solution along the MD trajectory.
Animations of these vibrations, provided in ESI,{ were observed
and compared to the descriptions of modes in the RS, IR, and
QC panels. On the basis of this comparison, the out-of-plane
modes of each panel were labeled by letters A-Y. However, there
is not a complete match among all vibrations observed in these
animations and the descriptions of vibrational modes by Her-
nandez et al.,*® Leyton et al.,*® and Chuang et al.** For instance
according to descriptions by Hernandez et al.,** the mode with
a frequency of 970 cm ' in the RS panel (974 cm " and 936
em ' in the QC panel) corresponds to out-of-plane vibrations of
atoms CZ3, CZ2, CE3, CH2, HZ3, HZ2, HE3, and HH2 in the six-
membered ring. According to descriptions by Leyton et al.,*®
the mode with a frequency of 966 cm ™" in the RS panel (965
em ' in the QC panel or 960 cm ™" in the IR panel) corresponds
to an out-of-plane vibration of atoms CZ3 and HZ3. In our
animations, a combination of modes U (Movie TRP40, 984
em '), V (Movie TRP41, 1011 cm™ '), W (Movie TRP42, 1009
em '), X (Movie TRP43, 1014 cm ™ '), and Y (Movie TRP44, 1023
em ') in the C36 panel represents atomic motions that corre-
spond to both of these descriptions. The mode in the RS, IR,
and QC panels that is labeled by an asterisk corresponds only to
out-of-plane motions of atoms CG, CD1, and HD1.**> We could
not find a specific mode in the animations of our calculations
that presents only this vibration; however, some modes such as
M (Movie TRP29, 710 cm '), N (Movie TRP30, 726 cm '), and O
(Movie TRP31, 756 cm™ ') in our calculations contain vibrations
that are similar to that description. Since Leyton et al.*® and
Chuang et al.** have not described modes in as much detail,
there are some modes in the RS, IR, and QC panels that we are
not completely certain should be considered as out-of-plane
modes. These modes are indicated in Fig. 15 by a horizontal-
stripe pattern. Some modes could neither be labeled unam-
biguously nor connected directly to modes (A-I) calculated by
NMA because the descriptions in their sources***® only indi-
cate ring torsion and deformation rather than specific atom
motions.

In some cases, the calculated frequencies and frequency
pattern of the out-of-plane modes in the C36 panel differed
from the results reported from RS and QC. Out-of-plane vibra-
tion of nitrogen in the indole ring was described in a mode with
a frequency of 578 cm ™" in the RS and QC panels by Hernandez
et al.®® and 628 cm ™" in the RS panel (618 cm ' and 627 cm ™"
in the QC and IR panels, respectively), by Leyton et al.*® This
vibration appeared in modes J (Movie TRP24, 543 cm™ ') and K
(Movie TRP26, 586 cm ') in the C36 panel. These modes also
contained some other out-of-plane vibrational modes that were
not in the RS and QC results. Mode L (Movie TRP28, 678.5
cm ') obtained by our calculation on the basis of C36 does not
exist in the Hernandez et al.*® results. But mode 656 cm ™' in
the IR panel (654 cm " in the QC panel) by Leyton et al*®
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contains CG and CD1 out-of-plane vibrations that correspond
to this vibration. Modes M-R in the C36 panel clustered around
the same frequencies as similar modes in the RC and QC
panels. Significantly, the frequencies of modes S-Y were higher
with C36 compared to these literature sources, such as mode X
at wavenumber 970 cm ™" in the RS panel, 974 cm ™" in the QM
panel, and 1014 cm™ " in the C36 panel.

Instantaneous NMA was also applied on NVE MD simula-
tions of zwitterionic Trp in solution. Almost all out-of-plane
motions showed similar frequencies in NPT and NVE MD
simulations (Fig S12, ESIf). Hence, out-of-plane ring atom
vibrations were independent of temperature and pressure con-
trol algorithms.

Results from NMA on Trp with methylamide terminal
groups in solution (Fig. S12, ESI{) show that most normal
mode frequencies and the frequency pattern are similar for
both architectures. For most modes, differences between archi-
tectures are small compared to the changes that were found
upon adding an improper torsion potential and reducing the
torsion potential. Frequency results for Trp zwitterion and
methylamide terminated Trp architectures differ in similar
ways from RS, IR, and QC results.

Including an improper torsion potential and increasing Kimp
shifted out-of-plane modes to higher frequencies, thus making
discrepancies worse compared to RS, IR, and QC (Fig. 15). In
addition, some mode patterns became distributed over a wider
frequency range after including the improper torsion potential,
such as the frequency distribution for the FF set (90,0) with
Kimp = 90 keal mol ™" rad . Although incorporating an impro-
per torsion potential could reduce the nonplanarity of Trp in an
MD simulation, it significantly shifted out-of-plane modes to
higher frequencies compared to RS and QC, disturbed the
pattern of these modes in the spectra, and increased out-of-
plane displacement speeds of atoms in the ring. As a conse-
quence, the frequencies of these modes were increased, and
atoms vibrated at higher frequencies compared to their fre-
quencies in Raman spectra. In other words, the frequency (v)
increases in a manner similar to that of a simple harmonic
oscillator of mass m and stiffness K, v ~ /K /m. Including an
improper torsion potential provides a force constant that
directly controls out-of-plane atom vibrations.

The C36 FF showed differences for out-of-plane frequencies
compared to the RS, IR, and QC results, even without improper
torsion potentials for the aromatic ring of Trp. The differences
could be consequences of torsion angle force constants for
atoms in the ring. Hence, we investigated how changes in the
Ko affected agreement with RS, IR, and QC for the normal
mode frequencies.

Table 2 lists the original K., and simultaneous decreases in
all ring torsion angle parameters K, that were considered. As
shown in Fig. 15 for set (0,—1), decreasing the force constants
by 1 kcal mol ! for all torsion angles shifted the out-of-plane
frequencies lower compared to the C36 FF (0,0), RS, IR, and QC
results. Simultaneously, out-of-plane fluctuations increased in
magnitude, as shown in the geometric analysis.
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Adding an improper torsion potential and weakening the
regular torsion potential have countering effects. Thus we
tested some FF sets in which the improper torsion potentials
were incorporated and the torsion angle force constants were
reduced. The out-of-plane vibrational results of these FF sets
are shown in Fig. 15. The FF set in which the improper torsion
potentials with K, = 15 keal mol ! rad 2 were considered for
atoms in the ring of Trp, and all but the smallest K, of torsion
angles around the aromatic ring were decreased by 1 kcal
mol ', provided the best match of both pattern and out-of-
plane frequencies compared with the available RS and the QC
results. As shown in Fig. 6, this FF set also reduced the out-of-
plane displacements of the nitrogen atom in the ring compared
to the C36 FF.

NMA results are in agreement with the frequencies obtained
by Fourier transformation of time autocorrelation functions for
the out-of-plane displacement. Fig. S8 in ESIf presents the
effect of different FF sets on the out-of-plane deformation
frequencies of atoms CE3, CD2, CZ3, and HE3. Modes V-Y in
the (0,0) panel in Fig. 15 are out-of-plane vibrations of these
atoms at 1011, 1009, 1014, and 1023 cm ™', which all have a
corresponding wavenumber of 970 cm™ " in the RS panel. Fig.
S8 in ESIt shows a sharp signal around 1000 cm ™' for these
four atoms in the C36 (0,0) panel. Fig. S8 in ESI{ demonstrates
that including improper torsion shifts the out-of-plane vibra-
tions of these four atoms to a higher frequency. For example, in
FF set (20,0) this peak shifted to around 1140 cm™". For FF set
(15,—1), this peak shifted to around 950 cm ' with a small
shoulder at 970 cm ™, near the corresponding modes (X and W)
in the RS panel in Fig. 15. A similar interpretation can be
applied for atoms NE1, CD1, HE1, and CE2 (Fig. 10 and 15).

Vibrational analysis of tyrosine

The results of out-of-plane vibrational modes of Tyr on the
basis of the C36 FF (labels A-R) are presented in Fig. 16. The
animations of our calculations for Tyr match the out-of-plane
vibrational descriptions of RS and QC** more clearly compared
to the Trp results. According to descriptions by Hernandez
et al.,> modes at 948 cm ™' in the RS panel (979 cm™ ' and 962
em ' in the QC panel) correspond to out-of-plane vibrations of
atoms CD1, CD2, CE1, CE2, and the hydrogen atoms connected
to them. Modes P-R (Movies Tyr38, 40, and 39) in the C36 panel
have similar out-of-plane vibrations at 1030.5, 1038.4, and
1052.1 cm~ ' and were assigned to these modes. Modes L-O
include similar out-of-plane vibrations, and they clustered
around 806, 830, and 850 cm ™' in the RS panel and 831, 850,
and 864 cm™ ' in the QC panel.** Corresponding modes for C36
are L (Movie TYR31, 857 cm '), N (Movie TYR33, 883 cm '),
and O (Movie TYR34, 890 cm ™ '). The mode at 830 cm ™" in the
RS panel (850 cm™' in the QC panel) includes out-of-plane
vibrations of atoms CZ and OH*® that appear in mode M (Movie
TYR32) in the C36 panel; these largely involve C-O and C-H
motions away from the ring plane. Modes I (Movie TYR27), J
(Movie TYR28), and K (Movie TYR29) in the C36 panel did not
exist in the RS and QC results of Hernandez et al.** Instead, we
use general descriptions for modes in p-tyrosine that are
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provided by Yao et al.*® (as a comparison within their study
of m-tyrosine) to assign these modes to their corresponding RS,
IR, and QC spectra. Mode I at 742 cm ™" in the RS panel (739
em ' at 741 em ' in the QC and IR panels, respectively),
includes out-of-plane deformation of the ring. This mode in
the C36 panels involves torsional distortions of the ring at the
linker and OH group. Mode K at 832 cm ™" in the RS panel (831
em™' in each of the QC and IR panels) includes the breathing
and out-of-plane ring vibrations of carbon and hydrogen
atoms.” Mode K in the C36 panels has a slight breathing
vibration and out-of-plane ring vibration. In modes J and K,
atoms in the ring of Tyr have very slight participation compared
to backbone/linker vibrations. Hence, changes in d ;| were small
in Fig. S11, ESIL.{ Modes of Yao et al. that were not explained by
Hernandez et al. are represented by grey, magenta, and brown
colors in RS, QC, and IR panels, respectively.

Mode H (Movie TYR27) in the RS, IR, QC, and C36 panels
corresponds to out-of-plane vibrations of atoms in the aromatic
ring and especially to CB-CG and CZ-OH out-of-plane bending.
Modes A-G that were described by Yao et al,* yet were not
presented by Herniandez et al.,** have corresponding modes
using the C36 FF. Modes D-G are more related to out-of-plane
deformation of the ring, with more deformation at CZ-OH
occurring in modes F and G, while modes A-C are related to
wagging of the whole ring.*® Mode A has a very high standard
deviation in all panels. Animation of this mode (Movie TYR09)
shows an out-of-plane vibration around bond CB-CG. Finding
similar modes during a 200 ps simulation only on the basis of
the dot product is not sufficient for targeting this mode with
precision.

A difference in the pattern and the frequencies for Tyr with
the C36 FF compared to RS, IR, and QC can be observed in
Fig. 16. Modes L-R appear at higher frequencies while other
modes, such as H-K, appear at lower frequencies. The NMA
results of NVE MD simulations for Tyr (Fig. S13, ESIt) were
consistent with NPT MD simulation results, confirming inde-
pendence of out-of-plane ring atom vibrations from the tem-
perature and pressure control algorithms. In addition, the NMA
results on Tyr with methylamide terminal groups in solution
(Fig. S13, ESIt) show that many frequencies of out-of-plane
vibrations are similar to those of the Tyr zwitterion for the C36
FF. Frequency patterns for both architectures differ by a similar
extent from RS, IR, and QC results.

Applying an improper torsion potential disturbs the pattern
of frequencies even more, and the modes were shifted generally
to higher frequencies. This was similar to the Trp results: by
increasing Kinp, out-of-plane displacements of atoms in the
ring decreased and atoms remained closer to a planar struc-
ture, speeds of out-of-plane displacements increased, and as a
consequence out-of-plane modes shifted to higher frequencies.

We applied changes in K., to all except the smallest torsion
angle potentials (Table 2 and related discussion). The results in
Fig. 16 show that the FF set in which improper torsion
potentials with Ky, = 10 keal mol ™" rad > were included for
atoms in the ring of Tyr, and K, of torsion angle sets around
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the aromatic ring were decreased by 1 kcal mol™", provided the
best match of pattern and out-of-plane frequencies compared
with published RS and QC spectra. The results from geometric
analysis illustrated that this FF set did not change planarity of
the Tyr ring. Force field parameters that decrease out-of-plane
fluctuations while achieving proper vibrational frequencies
have not yet been demonstrated for Tyr.

The frequencies calculated by Fourier transformation of
time autocorrelation functions for the out-of-plane displace-
ment are in agreement with the results of Fig. 16. For example,
out-of-plane vibrations of atoms CB, CG, CD1, and CD2 of Tyr
are shown in Fig. 11 for different FF sets. Its C36 (0,0) panel
shows 4 sharp peaks around 475, 508, 665, and 724 cm ™ * that
correspond to modes F, G, H, and J with similar frequencies in
Fig. 16. Applying FF set (10,—1) shifted the peak at 508 cm " to
a lower frequency (Fig. 11). The (10,—1) panel of Fig. 16 con-
firms this small shift. Motions similar to those of mode H in FF
(0,0) appeared in three modes in (10,—1) at different frequen-
cies. One of these H modes shifted to a lower frequency, similar
to Fig. 11. The other two H modes did not shift in frequency. A
similar interpretation can be applied to the results of Fig. S9 in
ESIt and Fig. 16.

Conclusions

Molecular dynamics (MD) simulations on the basis of the
CHARMM36 Force Field (C36 FF) show that atoms in the
heteroaromatic rings of tryptophan (Trp, W) and tyrosine
(Tyr, Y) do not form planar structures. Here we show by using
a geometric analysis that the largest deviations from planarity
in these MD simulations occurred around the nitrogen atom
(NE1) in the Trp ring and the gamma carbon (CG) in the
Tyr ring.

The C36 FF does not incorporate an improper torsion angle
potential for atoms in the rings of the amino acids Trp and Tyr.
We investigated effects of improper torsion angle potential on
planarity by testing different improper force constants (Kjmp,) in
MD simulations. The average sums of angles between bonds
around ring atoms in both Trp and Tyr molecules became
closer to the planar limit of 360°, and the average displace-
ments of these atoms from a planar structure decreased after
improper torsion terms were included. In summary, more
planar structures for the rings of Trp and Tyr arise when
improper torsion terms impose restoration forces, and rings
become more planar as K, increases. Results for the radial
distribution function g(r) between atoms in the rings and atoms
in water molecules show that larger vs. smaller out-of-plane
vibrations of atoms in the aromatic rings affect the concen-
tration and proximity of nearby molecules and, consequently,
impact interactions between atoms in the rings of Trp and Tyr
and neighboring molecules.

In addition, time autocorrelation functions of the distance
of each central atom from a plane containing its three con-
nected atoms (d | ) were obtained from the simulations. Fourier
transforms of these d, time autocorrelation functions
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indicated that out-of-plane displacement vibrations of atoms
in the aromatic rings shifted to higher frequencies after includ-
ing improper torsion terms compared to results using the C36
FF. By applying higher Kinp, out-of-plane displacements of
atoms in the heteroaromatic rings decreased; however, the
speeds of these displacements simultaneously increased, and
as a consequence the out-of-plane vibrations shifted to higher
frequencies. Furthermore, we found that decreasing the torsion
angle force constant (Ky,) could shift out-of-plane displace-
ments of atoms in the rings to lower frequencies. Our calcula-
tions show that both torsion and improper torsion force
constants work together to control out-of-plane displacement
of atoms in the rings of these two amino acids. The magnitudes
of out-of-plane fluctuations were comparable for Trp and Tyr as
zwitterions and with methylamide terminal groups.

Although imposing improper torsion forces led to a signifi-
cant decrease in nonplanarity of heteroaromatic rings of amino
acid side chains, the frequency shifts of out-of-plane displace-
ments made it crucial to study the effects of each FF set on
inherent vibrational frequencies of ring atoms. Thus an all-
atom normal mode analysis (NMA) package was developed to
quantify the characteristic vibrational modes of these two
aromatic amino acids in MD simulations.

To investigate the effects of water molecules on the vibra-
tional modes of Trp and Tyr molecules, NMA was implemented
on minimized structures of Trp and Tyr both in vacuum and in
aqueous solution on the basis of the C36 FF. Results indicated
that eliminating water molecules in the NMA calculations did
not have a significant effect on the calculated frequencies of
out-of-plane vibrational modes of the heteroaromatic rings.
Modes in the aqueous system remained distributed around
the same frequencies that were found for the vacuum system.

Next NMA was applied to individual Trp and Tyr molecules
within equilibrated MD simulations of aqueous solutions. The
results of NMA for both amino acids showed that the pattern
and the frequencies of out-of-plane motions obtained by using
the C36 FF were different from prior Raman spectroscopy
(RS),***%1%19 infrared spectroscopy,*®*® and quantum calcula-
tion (QC)******* results, with some out-of-plane vibrational
motions having higher frequencies.

The C36 FF has not incorporated an improper torsion
potential for atoms in the rings of Trp and Tyr. We applied
this potential with different improper force constants (Kjnp) in
MD simulations and NMA calculations. Although including
improper torsion led to significant decreases in nonplanarity
of aromatic rings, out-of-plane vibrations of atoms in the
aromatic rings shifted to even higher frequencies compared
to the RS, IR, and QC results reported in the literature.*>**44°
This makes sense because applying a higher Ki,,, decreased the
out-of-plane displacements of atoms in the ring; however,
speeds of these displacements increased and, as a conse-
quence, out-of-plane normal modes shifted to higher frequen-
Our calculations demonstrated that out-of-plane
vibrational motions of atoms in the ring are affected by both
improper torsion and torsion force constants. For both mole-
cules, we have shown that reducing K, compared to those in

cies.
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C36 and including an appropriate Ky, can improve agreement
of vibrational modes with the RS and the QC results.

For Trp, a FF set in which improper torsion potentials with
Kimp = 15 keal mol ' rad > were included for atoms in the ring,
and K, of torsion angle sets around the aromatic ring were
decreased by 1 kcal mol ™", provided the best match of vibra-
tional pattern and calculated out-of-plane frequencies in com-
parison to RS and QC results. This FF set reduces nonplanarity
around the NE1 atom but does not reduce nonplanarity of other
atoms in the ring. A FF set in which improper torsion potentials
with Kimp = 10 keal mol ™' rad 2 were included for atoms in the
ring of Tyr, and K, of all torsion angle sets around the
aromatic ring were decreased by 1 kcal mol ', provided the
best match of vibrational pattern and out-of-plane frequencies
with RS and QC results. This FF set does not reduce the
nonplanarity that we have observed for the C36 FF. In conclu-
sion, including improper torsion and reducing ring atom
torsion angle parameters for Trp and Tyr molecules can reduce
nonplanarity to some extent and can attain frequencies and
frequency patterns for out-of-plane motions of atoms in aro-
matic rings within classical MD simulations that are similar to
those from RS, IR, and QC. The extent of planarity influences
proximity of nearest neighbor water molecules to heteroaro-
matic rings and potentially has biological consequences on the
packing and folding of an active site.
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