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Abstract Isolated amino acids play an important role in
biochemistry and are therefore an interesting object of study.
Atomistic molecular dynamics (MD) simulations can provide
a high-resolution picture of the dynamic features of these
species, especially in their biological environment. Unfortu-
nately, most standard force field packages lack libraries for
isolated amino acids in their zwitterionic form. Although
several studies have used ad-hoc parameterizations for single
amino acids, a consistent force-field parameter set for these
molecules is still missing. Here, we present such a parameter
library derived from the widely used parm99SB set from the
AMBER program package. The parameter derivation for all
20 proteinogenic amino acids transparently followed
established procedures with histidine treated in three
different protonation states. All amino acids were sub-
jected to MD simulations in four different forms for
comparison: zwitterionic, N-teminally capped with ace-
tyl, C-terminally capped with N-methyl, and capped at
both termini. Simulation results show similarities be-
tween the different forms. Five zwitterionic amino
acids—arginine, glutamate, glycine, phenylalanine, leu-
cine—were simulated in a protein environment. Proteins
and ligands generally retained their initial structure. The
new parameter set will thus facilitate future atomistic
simulations of these species.

Keywords AMBER . Zwitterionic amino acid . Force field .

Parameterization . RESP

Introduction

Naturally occurring amino acids, as the main building blocks
of peptides and proteins, play a hugely important role in the
chemistry of life, conferring structural and enzymatic proper-
ties in a synergetic way [1]. Isolated amino acid residues on
the other hand are also of great importance in biochemistry,
e.g., as neurotransmitter transporters [2], transcriptional regu-
lators [3], or disease-mediators like phenylalanine in phenyl-
ketonuria [4].

Their biological relevance renders isolated amino acids an
interesting subject for computational investigations
complementing laboratory experiments. In a biochemical con-
text, molecular dynamics (MD) simulations with classical
force fields are the main method of choice, simply because
of the large size of these systems. To date, there have been
numerous computational studies on almost all proteinogenic
amino acids in different environments [4–19].

Despite this interest in isolated amino acids by means of
MD simulations, most of the common force fields lack a
consistent parameter set for their description. In particular,
the widely used AMBER force field parm99SB [20, 21]
provides parameters for C- and N-terminal amino acids, but
not for amino acids in their zwitterionic form. Although some
computational studies [6, 5, 19, 18, 13, 7] have already ap-
plied an ad-hoc parameterization for amino acid species in-
vestigated using AMBER force fields, these data have not
been made publicly available.

We thus decided to create a practical and consistent set of
parameters for the AMBER parm99SB [20–22] force field. Of
course, we are aware of theoretical approaches beyond the
traditional atom-centered charges, like the inclusion of
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polarizability within the parm02 [23, 24] and amoeba [25]
parameter sets, the usage of multipoles [26–28] or the descrip-
tion via spherical harmonics [29]. Notwithstanding these
newer theoretical developments, the atomic charge approach
is still used widely due to its availability in common force-
field programs and computational performance. The aim of
this contribution is to provide computational scientists with a
consistent set of parameters for isolated amino acids, which
should be easy to use within the AMBER framework.

Methods

Amino acid set

The pH of most cellular environments is in the range of 5.5 to
7.5. [1] At that pH level, all 20 proteinogenic amino acids
occur in their zwitterionic form when exposed to solvent.
Since the imidazole side chain of histidine has a pKa value
of ca. 6, we included not only the two tautomers of histidine,
which are protonated either at Nδ or Nε, but also the doubly
protonated form. Initial structural models were obtained from
the parm99SB parameter set via the leap program from the
AMBER suite. The N-terminal structure served as a coordi-
nate template and was extended by the additional oxygen
atom (OXT) from the C-terminal structure. The final set of
single amino acids thus comprised 22 molecules.

Charge generation

In the original parm99SB charge set [21, 20, 30, 31], certain
main chain charges of amino acid residues were constrained to
have the same value. As each zwitterionic amino acid repre-
sents an isolated molecule, we chose not to impose any charge
constraints between them. This strategy is similar to the charge
derivation in the AMBER parameter set parm03 [32].

To obtain reproducible atomic charges, we applied the
restrained electrostatic potential (RESP) charge derivation
strategy following the established RESP/ESP charge derive
(RED) procedure [33, 34]: firstly, AnteRED was used to
create the initial p2n files, and then the RED web service
was applied to derive the RESP charges. For this procedure,
standard settings within the RED framework were chosen in
accordance with the original RESP method [35]: structure
optimization via Gaussian09(D.01) [36] at the HF/6-31G(d)
level followed by an RESP fit at the same level of theory via a
two-step procedure with automatic charge equivalencing for
symmetric groups, e.g., methyl hydrogen atoms. The RED
charge fitting procedure automatically created two different
standardized orientations of the respectivemolecule; this elim-
inates any potential dependence of the RESP charges from the
initial orientation and ensures reproducible atomic charges.
All 22 optimized structures were controlled to reside in their

zwitterionic state by visual inspection. The nature of the
stationary points found was verified to be a true minimum
via frequency calculations (HF/6-31G(d)) using a local ver-
sion of Gaussian09(A.02) [36]. The corresponding archive
block entries from these calculations are available in the
Supplementary Material.

The original parm99SB charge set derivation for main-
chain and terminal amino acids included two backbone con-
formations per residue, α-helical region and β-sheet. As zwit-
terionic species lack a protein backbone, a single conforma-
tion was sufficient for each system to apply the original
parameterization scheme.

In order to rule out a potential dependency of the atomic
charges on the quantum chemical program package used, a
RESP fit via the Gamess-package [37] was also performed for
a subset of amino acids comprising the amino acids A, E, HE
(histidine protonated at Nε), HP (doubly protonated histidine),
I, K, L, M, P, Q, R, T, and V.

Other force field parameters

We strived for a maximal parameter consistency with the
widely used parm99SB [20, 21] AMBER parameter set.
Therefore we used atom types and force-field parameters from
this source instead of the general AMBER force field (gaff)
[38] set. Missing parameters were identified using parmchk
from the AMBER program suite and assigned suitable values
from the parm99SB set, which were based on normal modes
of benzene. Table 1 lists the specific parameters for improper
torsions. In addition, a single angle parameter N3-CT-H1
(Kθ=50.0 kcal mol−1 rad −2, θeq=109.50°) was added from
the same parameter set. Atomic charges and additional force-
field parameters were collected in a single file for convenient
use within the AMBER framework.

Molecular dynamics simulations and analyses

For each amino acid, four systems were constructed: zwitter-
ionic form, C-terminally capped with an N-methyl group, N-
terminally capped with an acetyl group, and capped at both
termini (cf. Scheme 1). Standard parm99SB parameters were
used for systems with a capping group. All isolated amino-
acid systems were immersed in a box of TIP3P [39] water
with a minimum distance of 20 Å to the border of the periodic
box and counter ions (Na+, Cl−) were added to neutralize the
total system charge. In case of the group of zwitterionic amino
acids, the minimum distance to the box border was 10Å. After
an initial minimization of 5,000 steps, the systems were
heated up to 310 K and then simulated without any
constraints for 100 ns.

As an application test case, five protein systems with
zwitterionic amino acid ligands were simulated. The follow-
ing structures were obtained from the protein data base: NR1
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ligand-binding core of N-methyl-D-aspartate (NMDA) recep-
tor (1PB7 [40], 289 residues); Thermus thermophilus putative
periplasmic glutamate/glutamine-binding protein (1US5 [41],
298 residues); soluble domain of Chlamydia pneumonia peri-
plasmic amino-acid binding protein (3N26 [42], 231 resi-
dues); Escherichia coli leucyl/phenylalanyl-tRNA-protein
transferase (2Z3O and 2Z3P [43], 462 residues). These con-
tain the zwitterionic amino acid ligands G, E, R, F, and L,
respectively. All structures except the last two were N-

terminally capped with an acetyl group, the R-, F-, and L-
containing systems were also C-terminally capped with an N-
methyl group. A missing loop in the G-system (D49–R56)
was added via the Prodat module from Sybyl [44]; these
residues were omitted in later analyses. Molecules other than
the protein and the amino acid ligand possibly present in the
structure file were deleted. All systems were solvated in a
TIP3P water box with a minimum distance of 20 Å to the
border. Counter ions (Na+, Cl−) were added for electrical
neutralization. Three consecutive minimizations of 5,000
steps with decreasing positional restraints were performed to
remove energy hot spots. After warming up the systems to
300K over 0.5 nswith small positional restraints on all protein
atoms during the first 0.1 ns and on the Cα atoms only during
the remaining 0.4 ns, all systems were simulated for 100 ns
without any restraints.

All simulations were performed with the AMBER12 [45]
package, and used NPT settings with a time step of 2 fs.
SHAKE [46] was applied to constrain hydrogen atoms, and
the particle mesh Ewald method was used for the long-range
interactions. Standard settings were used unless stated other-
wise. Analyses used cpptraj [47] from the AmberTools13 [48]
suite, molecular graphics were generated via VMD [49].

Results and discussion

The new parameter set

In addition to the complete Gaussian-derived charge set, a
charge subset was subjected to charge derivation via the RED
web service using Gamess. The two charge sets computed
either via Gaussian or Gamess comprised 271 atomic charges.
The root mean square deviation (RMSD) between the two sets
was 0.0001; the maximal deviation between two equivalent
charges was 0.0014. The charges are thus essentially indepen-
dent from the quantum chemistry package used.

The final charges obtained are listed in Table 2. For the
charged termini, the mean total charge of the carboxylate
group is −0.66, the mean total charge of the ammonium group
is 0.50. Cieplak et al. [31] reported the total carboxylate
charge of the C-terminal residues to vary between −0.70 and
−0.85 and gave a range of 0.70 to 0.80 for the total ammonium
charge of the N-terminal residues in the original parameteri-
zation. Obviously, a charge balancing effect takes place within
the zwitterionic systems as expected.

The different nature of the side chains influences the charge
on the Cα and, even more so, on the Cβ atoms. Inductive
effects, already discussed for the original parameterization,
modulate the charges on these atoms, so that they vary from
−0.04 to 0.25 and −0.17 to 0.30, respectively, throughout the
zwitterionic residues.

Scheme 1 Amino acid species considered in this work: zwitterionic (1),
capped at both termini with N-methyl (NME) and acetyl groups (2),
capped with an acetyl group leaving the N-terminus ionic (3), capped
with an N-methyl group leaving the C-termini ionic (4)

Table 1 Newly assigned improper torsions on the basis of existing
parameters from the Weiner et al. force field [61]

Improper torsion Vn/2
a γ b n c

CT-O2-C -O2 10.5 180.0 2

CT-N –C –O 10.5 180.0 2

N2-N2-CA-N2 10.5 180.0 2

C –H –N –H 1.0 180.0 2

CC-CR-NA-H 1.0 180.0 2

CR-CW-NA-H 1.0 180.0 2

CN-CW-NA-H 1.0 180.0 2

CA-CA-CA-HA 1.1 180.0 2

CA-CB-CN-NA 1.1 180.0 2

CA-CN-CA-HA 1.1 180.0 2

CA-CB-CA-HA 1.1 180.0 2

C –CA-CA-HA 1.1 180.0 2

C*-CA-CB-CN 1.1 180.0 2

H5-NA-CR-NB 1.1 180.0 2

H5-NA-CR-NA 1.1 180.0 2

CC-H4-CV-NB 1.1 180.0 2

CC-H4-CW-NA 1.1 180.0 2

C*-H4-CW-NA 1.1 180.0 2

aMagnitude in kcal mol−1

b Phase offset in degree
c Periodicity of torsion
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Figure 1 shows a comparison between the charges of the
zwitterionic and the mid-chain residues from the parm99SB
set. Clearly, the fitting procedure without constraints allows
for an enhanced variability of the charges on peptide bond
atoms C, O, and N, compared to the mid-chain parameteriza-
tion, where they were constrained to 0.5973, −0.5679, and
−0.4157, respectively. Such a variability has also been intro-
duced into atomic charge generation during the parameteriza-
tion of parm03 [32, 50]. Overall, there is a significant corre-
lation between the mid-chain and zwitterionic residues
charges. The correlation coefficient for all 359 charges
depicted in Fig. 1 is 0.974.

To assess the quality of the charge fit, the dipole moments
of all 22 zwitterionic amino acids were computed from the
atomic charges after structure minimization and compared to
the values obtained directly from the HF/6-31G(d) calculation
(Fig. 2). It can be seen that the dipole moments from atomic
charges are systematically larger than those derived quantum
mechanically. Moreover, they even better resemble dipole
moments for amino-acid zwitterions in aqueous solution ob-
tained from experiment [51]. For example, the dipole moment
of alanine at HF or AMBER level is 9.9 D or 11.5 D,
respectively, which is in good agreement with the experimen-
tal value of 12.3 D.

In summary, the atomic charges for the zwitterionic amino
acid species generated via a reproducible procedure resemble
the expected effects of polarity and inductivity. They also
exhibit some similarity to the existing parameter set of the
mid-chain residues, but lack the intermolecular constraints of
the joining peptide group.

As all parameters from the new set were obtained from the
existing parm99SB set, the question of transferability of the
parameters must be raised, especially in the case of zwitter-
ions, i.e., with large atomic charges at the ammonium and
carboxylate group.Will this impair the balance within the new

parameter set? The most straightforward answer to this prob-
lem would seem to be a comparison between molecular me-
chanics and quantum chemistry results for, e.g., the crucial
backbone torsional potentials. However, this idea raises an
immediate dilemma: the zwitterionic state of (small) amino
acids is not stable in gas phase, but reorganizes into its neutral
tautomer, which is found in ab initio calculations using larger
basis sets than 6-31G(d) [52]. For stabilization, the zwitterion
needs solvation, either by inclusion of explicit water mole-
cules or implicit solvent models [53, 54, 52]. On the one hand,
therefore, we are in luck that on the HF/6-31G(d) level the
zwitterionic amino acids are still an energetic minimum, so
that charge derivation is possible without any imposed struc-
tural constraints. On the other hand, however, we know that
the energetics from quantum chemistry at that level of theory
are not correct [52, 53] and thus cannot be used for rotational
profiles. Application of higher level quantum chemical
methods would call for a more accurate description in the
molecular mechanics part, e.g., via umbrella sampling, and
thus is beyond the scope of this work.

To answer the question about the transferability of the
parameters, especially the backbone torsions, due to the in-
creased atomic charges in the zwitterionic species, we
inspected similar systems from the parm99SB set. N-
terminal serine and N-terminal threonine bear a hydroxyl
group in vicinity of the ammonium group; this situation,
where the polar oxygen is in close proximity to the NH3

+

group, is similar to the backbone configuration in the zwitter-
ions. The atomic charges of N, H, and O in serine/threonine
are 0.1849/0.1812, 0.1898/0.1934, and −0.6714/−0.6764, re-
spectively. Especially for oxygen, the charges are in the same
order of magnitude as in the zwitterionic species (cf. Table 1).
The original parm99SB parameter set already contains such
highly charged atoms, so the larger charges in the zwitterionic

Fig. 1 Comparison between atomic charges of the zwitterionic and the
mid-chain (parm99SB) amino acid residues

Fig. 2 Comparison of dipole moments (in Debye) of all amino-acid
zwitterionic species obtained from ab initio calculations at the HF/6-
31G(d) level and fromRESP atomic charges after structure minimization.
Regression line (red) has a slope of 0.990 and an intercept of 2.41
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species should pose no problem. Concerning a potential in-
fluence of the zwitterionic groups onto the side chain torsions,
Fig. 1 shows a good correlation between the atomic charges of
zwitterionic and main-chain residues, and thus no unbalancing
effect can be expected.

Although the transferability and thus applicability of the
new parameter set can be rationalized, we intended to perform
a validation. For application in MD simulations, the nonbond-
ed interactions of the newly parameterized compounds are
crucial. These can be divided into three types of interaction:
zwitterion–water, zwitterion–protein, and zwitterion–zwitter-
ion. The following sections present simulations to address
these types of interactions.

Simulations of single amino acids in water

To study the behavior of isolated zwitterionic species in water,
we set up single amino acid systems in solvent for MD
simulation. All 22 instances of parameterized molecules were
included in four different forms: zwitterionic, capped with an
acetyl group at the N-terminus, capped with an N-methyl
group at the C-terminus, or capped at both termini. Thus, the
zwitterionic and doubly capped systems shared the same total
charge, while the singly capped forms introduced an addition-
al charge to the systems. With this setup we investigated the
molecules from the standard parameter set, which are most
similar to the zwitterions. From the 100 ns trajectories

obtained for all four forms of each amino acid, only the last
20 ns were used for analysis to ensure a truly equilibrated
system.

The flexibility of the amino acid backbone, and thus an
indirect study of the torsion potentials, was investigated via
Ramachandran angle plots. For the definition of the ϕ and ψ
angles of the species with ionic terminus, we used an ammo-
nium hydrogen or a carboxylate oxygen as substitute. As all
results share similar characteristics, the results for alanine and
glycine are discussed as representatives; the respective
Ramachandran plots for all amino acids are shown in the
supplementary material (cf. Figure S1–22).

Firstly, a strong similarity between the zwitterionic and the
C-terminally capped alanine is evident from the
Ramachandran plot (Fig. 3). Rotation around the ammonium
group creates a periodicity in ϕ of 3, while two preferred
conformations are found for the carboxylate group defining
ψ. The zwitterionic form visits two conformational minima,
which are similar to the HF/6-31G(d) optimized structures,
but samples the angles between these conformations as well.

The alanine species with an N-methyl capping group at one
side and an ammonium group at the other exhibits the same
periodicity forφ, i.e., three minima around ~+/−180, −60, and
+60°. However, it shows a strong preference for an extended
ψ conformation (~160°), i.e., within the well-known β-sheet
region of the Ramachandran plot.

On the other side, the angle analysis of the alanine N-
terminally capped with an acetyl group almost fully resembles

Fig. 3 Ramachandran plot of
alanine in zwitterionic form
(black), C-terminally capped with
N-methyl (red), N-terminally
capped with acetyl (blue), and
capped at both termini (gray)
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the characteristics of a mid-chain residue: standard α-helical
andβ-sheet region are extensively sampled. Even the rare left-
handed helix conformation at φ, ψ~60,60° is sampled. But
an addition region at −120, 60° is visited, which is the result of
a 180°-switching of the carboxylate group.

The alanine dipeptide, i.e., the mid-chain species with two
capping groups, exclusively samples the α-helical and β-
sheet regions. Given the limitation of the simulation time
and the possibly less than optimal Ramachandran angle po-
tentials for the capping groups, this is in good agreement with
the work of Hu et al. [55], who studied in backbone potentials
of different force fields for the alanine and glycine dipeptides,
i.e., doubly capped mid-chain residues. A reparameterization
of backbone torsion angles, however, is beyond the scope of
this work. This challenging task has been addressed in the
past, e.g., via the SB corrections [22] for the original parm99
set or during the new parameterization of the parm03
set [32, 50].

Due to the lack of a side chain, glycine presents a special
case (Fig. 4). Although the pairwise similarities described
above are also found in this system, certain differences can
be seen in the backbone flexibility. The zwitterionic form
shares the pronounced periodicity in ϕ with the other amino
acids, but allows a rather free rotation around theψ angle; this
means that there is no preferred conformation for the carbox-
ylate group and might be indicative of an artifact. A potential
explanation for this result, however, is that the interaction with
the surrounding solvent molecules decreases the rotational
barrier to a large degree. Interestingly, an ab initio MD study

of glycine in explicit solvent reports small rotational barriers
of 3 kcal mol−1 for both Ramachandran angles [56]. C-
terminal capping of glycine hinders this rotation and shifts
the equilibrium towards a ψ angle of 180° with a rather large
variation of ~+/−60°. Addition of an acetyl group to the N-
terminus of the zwitterion enhances the overall sampling ofϕ
between −60 and −180, or 60 and 180°, respectively. The
doubly capped glycine system shows a conformational pref-
erence rather uncommon for standard amino acids; its
Ramachandran plot becomes symmetrical reflecting the lack
of chirality in this system. These sampling results fit nicely to
previous computational [55] and experimental [57] work.

With the exception of proline, where only one ϕ confor-
mation is sampled due to its inherent rigidity, all other amino
acids possess a backbone flexibility similar to that of alanine
and share the same characteristics in the Ramachandran plot:
the pairwise similarity of systems and the periodicity in the
angles ϕ and ψ.

Next, we investigated the influence of the charged amino
acid termini upon the surrounding solvent environment. Ra-
dial distribution functions (RDF) around the carbon atom of
the carboxylate group and the nitrogen atom of the ammonium
group were computed up to a distance of 8 Å. Again, we
present the results of alanine here, but include all respective
plots in the Supplement (Figures S23–44).

Figure 5 depicts the RDF around the carboxylate group
(top) and the ammonium group (bottom) of three different
alanine species. All RDF curves exhibit one pronounced
maximum representing the ordered solvent environment

Fig. 4 Ramachandran plot of
glycine in zwitterionic form
(black), C-terminally capped with
N-methyl (red), N-terminally
capped with acetyl (blue), and
capped at both termini (gray)
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around the charged group. The maximum RDF value for the
singly capped systems exceeds its counterpart from the zwit-
terion, while the neighboring minimum is even lower. The
solvent molecules around the singly capped alanine build a
more ordered microenvironment than for the zwitterionic
species during simulation. This is probably caused by the
larger net charge of the terminal ionic group of the singly
capped systems. We also observe a broader RDF curve peak
for the carboxylate than for the ammonium groups for both,
the zwitterionic and the singly capped systems. The peak
maximum values for zwittionic alanine are in good agreement
with ab initio MD results [56].

The described characteristics are found to a similar extent
in all other amino acids (Figures S23–44). Due to its special
scaffold, however, proline shows a slightly decreased maxi-
mum in the ammonium RDF plot, as expected. The amino
acid zwitterions therefore inherit from both singly capped
species their ability for solvent organization at the termini.
Due to their smaller terminal atomic charges this effect is
slightly smaller.

The systematic set ofMD simulations for all amino acids in
four forms thus shows that the zwitterions with the new
parameter set share characteristics of the singly or double
capped species. The similarity comprises internal properties
like Ramachandran angles as well as external properties such
as solvent orientation around the termini. Therefore, the new
parameter set for zwitterionic amino acids nicely comple-
ments the related parm99SB force field.

Simulation of single amino acids in protein environment

After investigation of isolated zwitterions in water, we studied
the interaction of zwitterions with proteins and applied the

zwitterionic parameter set to real protein systems, as this is the
intended future purpose. For that we chose five complexes
with available X-ray structures, that contain a rather diverse
set of amino acids. We selected representatives for small (G),
charged (R, E), hydrophobic (L), and aromatic (F) amino
acids. Furthermore, as the last two protein systems are
homodimers, they contain two ligand binding sites, which
are occupied simultaneously in the experimental structure.
Of course, an in-depth MD analysis of these diverse systems
is far beyond the scope of this contribution. Instead, the aim is
here to demonstrate the applicability of the parameters.

It is a rational assumption that the structure derived from
experiment should be stable during the course of the MD
simulation, i.e., the zwitterionic amino acid ligand should
not distort itself or the global structure of the protein to a large
extent. We may expect, however, a certain flexibility within
both the ligand and the surrounding protein system due to
thermal motion.

Figure 6 shows the root mean square deviation (RMSD)
with respect to the initial structure of all five systems through
the course of the simulation. All protein systems exhibited
fluctuations within the expected RMSD range of ≤4 Å with
one exception: the glutamate-binding protein has a structure of
surprising rigidity with a mean RMSD value of ~1 Å. The
transferase system showed a dependence of the dynamic
behavior from the ligand, i.e., whether leucine or phenylala-
nine is bound. In the latter case, the protein system seems to
undergo more pronounced motions. The RMSD of the ligand
in Fig. 6 was calculated for all atoms except hydrogens and
carboxylate oxygens, and without structural fitting onto ligand
atoms; this RMSD plot is therefore a measure for both the
ligand’s conformation and position within the surrounding
protein. As expected, the ligand’s RMSD value was always

Fig. 5 Radial distribution
function (RDF) of water oxygen
atoms around the charged termini
of different alanine species. Top
Charged C-terminal carboxylate
group of zwitterion (black) andN-
terminally capped (blue) species.
Bottom Charged N-terminal
ammonium group of zwitterion
(black) and C-terminally capped
(red) species
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lower than its protein counterpart. And again, the glutamate
ligand displayed the highest rigidity of all systems investigat-
ed. On the other hand, the glycine zwitterion showed a flex-
ibility, which at first glance might be surprising. Due to the
lack of a real side chain, however, this ligand possesses only
two strong interaction sites, the ammonium and the carboxyl-
ate group, obviously too low to hold the ligand completely

frozen in its initial position within this protein. Figures S45–
S49 show the initial and the final structure after 100 ns MD
simulation of all protein systems studied.

In order to investigate the conformational flexibility of the
zwitterionic amino acid ligands within the binding pocket,
side chain torsion angles χ were monitored. Of the three
systems with only one ligand bound (Fig. 7), the two charged

Fig. 6 Root mean square
deviation (RMSD) for protein
systems with the zwitterionic
amino acids R, E, G, L, and F (top
to bottom). Black Backbone
atoms of protein system, red
heavy atoms of ligand. See text
for details

Fig. 7 Evolution of selected
main chain torsion angles (in
degree) of the zwitterionic amino
acids R, E, G in protein
environment. Top Arginine
system (black χ1, red χ3).
Middle: glutamate system (black
χ1, red χ2). Bottom Glycine
system (black χ1)
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species R and E remained completely in their initial confor-
mation. Although the small G ligand had a preferred confor-
mation, it exhibited rotation events all over the trajectory, as
could be expected from the RMSD curve in Fig. 6. A slightly
different picture is obtained for the transferase systems with
two ligands (Fig. 8). In the crystal structure, the two L ligands
differ in their initial side chain conformation. While the first L
ligand clearly remained in its initial conformation, the second
L ligand corrected its χ angles during the first 10 ns of
simulation to adopt a conformation similar to the first ligand
(data not shown). Finally, when F is bound to this transferase,
it also underwent a certain transition; the ligand adopted a
more extended structure with all initial interactions essentially
staying intact. In the plot in Fig. 8 it can be seen that
both χ angles of F concomitantly changed their values
during the simulation, i.e., a concerted motion occurred.
This corresponded to a rotation of the methylene group,
while the phenyl ring and the ionic groups remained
mostly in their position, and is a typical dynamic be-
havior of such a bound ligand. The second ligand
displayed a similar dynamical behavior (data not shown).

Visual inspection of all trajectories revealed that the NH3
+

groups of all zwitterionic ligands rotated freely. The same is
true for the CH3 groups in L. In systems with only one ligand
present the ligands’s carboxylate groups stayed in their initial
conformation, while the carboxylate groups of L and F in the
transferase system showed rotation events.

In summary, the simulations of five test cases with the new
parameter set exhibited stable behavior within a time scale of
100 ns. All protein systems retained their original fold, al-
though displaying an expected flexibility. The ligands
remained bound in their initial pocket, but showed a certain
flexibility as well. Certainly, the actual behavior of the zwit-
terionic amino acid ligand will depend on the system and may
differ from protein to protein. We observed different types of
ligand dynamics ranging from almost frozen in the E-system

over concerted conformational changes in the F-system to
even more pronounced fluctuations in the G-system. Thus,
the stability of the simulated systems as well as the good
resemblance to the experimental structures is a further in praxi
validation of our parameter set.

Simulation of a group of single amino acids

We now extend our simulations to a test case system with
more than just one zwitterionic amino acid. For that we chose
eight different residues, A, C, I, K, L, M, R, and T, where the
one-letter codes, slightly reordered, not accidentally form the
name of a celebrated computational scientist.

Monitoring the total surface area of all amino acids over the
course of the simulation (Figure S50) yielded a rather constant
maximum value of ~1,650 Å2 with many downward peaks in
the curve. The short and immediate drops of the surface area
value indicate a tight intermolecular contact between individ-
ual amino acids. These interactions, however, were only of
transient nature. If longer-lived or permanent aggregates had
formed, the curve would exhibit a decent decrease. The results
from the total surface area are complemented by the compu-
tation of the mutual linear interaction energy (LIE) [47] be-
tween each amino acid and the seven other residues. In
Figure S51, the electrostatic and van-der-Waals contributions
to the LIE are depicted on a per-residue basis over the course
of the simulation. Clearly, each amino acid experiences strong
interactions from time to time, when it approaches a
neighboring residue. However, the interaction energy is
obviously too small to form a longer-lived aggregate,
and thus the two molecules dissociate again, typically
after a few hundred picoseconds. Figure 9 visualizes the
last snapshot of the simulation to exemplify the weak
interactions between the amino acid molecules during
the simulation.

Fig. 8 Evolution of selected
main chain torsion angles (in
degree) of the zwitterionic amino
acids L and F in protein
environment. Only one ligand is
displayed for clarity. Top Leucine
system (black χ1, redχ2). Bottom
Phenylalanine system (black χ1,
red χ2)
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As a side note it should be mentioned that the orientation of
the amino acids within the global coordinate system allows for
a simple binary encoding. Taking the z-component of the
vector from the carboxylate C to the ammonium N and mark-
ing the molecular orientation either as ‘1’when positive or ‘0’
when negative, a simple 8-bit number in the range from 0 to
255 can be defined and monitored during the MD simulation
(Figure S52). Thus, such a simulation may be utilized as
pseudo-random number generator.

Conclusions

This contribution provides computational scientists with
a consistent parameter set for zwitterionic amino acids.
Like earlier work [58], it focuses on methodological
transparency and completeness of the parameters gen-
erated. As the number of molecules for charge gener-
ation was rather small, we used the established RED
service [33] on the HF/6-31G(d) level instead of scaled
semiempirical multipoles [59]. MD simulations of all
amino acids in zwitterionic, N-terminally capped, C-
terminally capped, and doubly capped form with a total
simulation time of 8.8 μs allowed for a comparison of
these different forms in terms of internal and external
properties, i.e., Ramachandran angles and solvent ori-
entation around the charged termini. Further MD sim-
ulations of X-ray structures with amino acid ligands
showed a stable behavior for the protein system and
the ligand. It should be noted, however, that the ap-
plied validation procedures was not exhaustive; results
from MD simulations should therefore always be ana-
lyzed with critical care.

The complete parameter set for zwitterionic amino acids is
included with a short description of its application within the
AMBER framework as Supplementary Material. Further-
more, it will be made publicly available on the website for
contributed AMBER parameters [60].

In our opinion, the new parameter set will facilitate the
computational investigation of biochemical systems like
neuroreceptors where single amino acids exert a key function.
But other areas of application can also be envisaged, such as
the interaction of biomolecules with structured surfaces in
materials science.
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