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Abstract We report a consistent set of AMBER force-
field parameters for the most common phosphorylated
amino acids, phosphoserine, phosphothreonine, phosp-
hotyrosine, and phosphohistidine in different proton-
ation states. The calculation of atomic charges followed
the original restrained electrostatic potential fitting
procedure used to determine the charges for the parm94/
99 parameter set, taking a-helical and b-strand confor-
mations of the corresponding ACE-/NME-capped
model peptide backbone into account. Missing force-
field parameters were taken directly from the general
AMBER force field (gaff) and the parm99 data set with
minor modifications, or were newly generated based on
ab initio calculations for model systems. Final parame-
ters were validated by geometry optimizations and
molecular-dynamics simulations. Template libraries for
the phosphorylated amino acids in Leap format and
corresponding frcmod parameter files are made avail-
able.

Keywords AMBER Æ Parameters Æ Phosphorylated
amino acids Æ Force field Æ Restrained electrostatic
potential

Introduction

Phosphorylation of polypeptides is an important process
governing essential steps in cellular regulatory networks.
Proteins that are functionally controlled by phosphory-
lation and dephosphorylation are ubiquitous in pro-
karyotic and eukaryotic cells. It is assumed that about
30% of the proteins encoded by the human genome are
phosphorylated at some point in time [1]. The post-
translational, reversible phosphorylation of proteins can
induce changes in their enzymatic activity, localization,
and binding properties, thereby controlling, for example,
catabolism and metabolism, signal transduction,
growth, and gene expression [2]. Signal-transduction
cascades, such as the phosphotransferase system in
bacteria [3] or the mitogen activated protein-kinase
cascade, play key roles in the cellular information pro-
cessing network. Therefore, functioning of the phos-
phorylation processes in these cascades is a research
subject of increasing interest.

Although abundant, protein phosphorylation is a very
specific process. The phosphate can only be transferred to
particular residues of a polypeptide. Phosphorylation
predominantly takes place at the amino acids serine,
threonine, and tyrosine. It occurs on the side-chain hy-
droxyl group oxygens, resulting in the formation of a
phosphoester linkage between amino-acid residue and
phosphate group [4]. Although not as common as serine,
threonine, and tyrosine, phosphorylation on histidine
residues occurs in a number of proteins. Either one of the
two nitrogens in the imidazole ring can be phosphory-
lated, forming a phosphoramidate bond between the
phosphor and a nitrogen atom. Whether N�2 or Nd1 is
the target of a phosphorylation is determined by struc-
tural features of the particular molecule [5].

Since the structural properties of phosphorylated
proteins are important for molecular recognition and
regulatory processes, much effort is spent on the inves-
tigation of the structural features and the dynamic
behavior of these molecules. Computational models
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using empirical potential energy functions based on
molecular mechanics (MM) principles, which have pro-
ven to be capable of giving insight into the structure and
dynamics of biochemical molecules, are promising tools
for studying the characteristics of phospho-proteins.
These MM-based methods depend on accurate force
fields properly reproducing the features and behavior of
the modeled molecules. One force field widely and suc-
cessfully used for the simulation of biological macro-
molecules such as RNA, DNA, and proteins, is
AMBER [6, 7]. While the included parameters for
monophosphates allow simulations of nucleosides and
nucleotide oligomers [8], and parameters for the de-
protonated forms of phosphotyrosine [9] and phospho-
threonine [10] generated in diverse ways and for older
AMBER parameter sets have been reported but not
included in the AMBER distribution, a consistent set of
publicly available parameters specially designed for
phospho-amino acids is still lacking. Therefore, we
decided to develop AMBER force-field parameters for
the four most common phospho-amino-acid residues.

Computational methods

As the pKa values of the equilibrium between the un-
protonated and singly protonated phosphate group
forms of the phospho-amino acids are close to pH 7 [5,
11], it can be assumed that a considerable amount of
both forms exists under neutral conditions. Therefore,
parameters for the anionic and dianionic phosphate
group forms are required. Given the fact that histidine
can be phosphorylated at two different sites, the total
number of phosphorylated residues to be parameterized
sums up to ten (cf. Table 1).

Calculation of restrained electrostatic potential atomic
charges

Following the original procedure used to determine the
atomic charges for the AMBER parm94/parm99
parameter sets [6, 7], small peptide model systems

consisting of the phosphorylated amino acid residues
blocked by acetyl- and N-methyl groups were created.
The resulting ACE-XXX-NME model peptides are
shown in Fig. 1.

As in the original AMBER charge-fitting procedure,
two different structures of each model peptide were
generated, representing the a-helical and extended
(b-strand) conformations of the phospho-amino acids.
Since no preferred side-chain torsion angles for the
phosphorylated residues were available from the litera-
ture, and the number of phosphorylated polypeptide
structures in the Protein Data Bank is too small to serve
as a reliable basis set for derivating accurate v angle
distributions, it was not possible to assign specific v
values to the a-/b-conformers. Instead, initial side chains
were built according to the most extended conformer.
The / and w dihedrals of the a- and b-structures were
chosen according to the values used for the charge cal-
culation of the common amino acids [12]. In order to
avoid the formation of hydrogen bonds between the
phosphate group and backbone atoms, the former was
arranged in an extended conformation pointing away
from the backbone of the model peptides. Initially all
phospho-amino-acid residues were neutralized by pro-
tonating the phosphate group oxygens, thus creating ten
neutral primary model system structures.

All model systems were optimized in two consecutive
steps at the HF/MIDI! [13] and then the HF/6-31G(d)
[14, 15] level of theory using Gaussian03 [16] with the /
and w dihedrals kept fixed. The HF/6-31G(d) method
was chosen to obtain atomic charges consistent with the
parm94/parm99 parameter sets [12, 17]. It has also
proven to yield results particularly suitable for empirical
solvent-model calculations [7]. All subsequent optimi-
zations and single-point calculations were also per-
formed at the HF/6-31G(d) level.

The resulting structures of the O-phosphorylated
amino acids were reoptimized in their singly protonated
form with fixed / and w torsions. Subsequently, the
remaining hydroxyl groups of the optimized, singly pro-
tonated O-phosphomonoester and phosphoramidate
structures were fully deprotonated. Since the unproto-
nated phosphohistidine structures are only stable in
solution and the dianionic phosphate group forms of the
phospho-amino acids generally tend to adopt conforma-
tions with hydrogen bonds between phosphate group and
backbone (a case that should be avoided according to the
restrained electrostatic potential (RESP) charge genera-
tion recommendation [12]) in gas-phase optimizations,
these systemswere just partially optimized, keeping all but
the phosphate group bonds, angles and torsions fixed.

The charge-derivation process was started by calcu-
lating the electrostatic potential for the optimized singly
protonated and unprotonated phospho-amino-acid
model system structures for all a- and b-conformers with
HF/6-31G(d). Thereafter, a RESP fit was carried out
[18], which was performed in three stages on the two
conformations (a and b) using the RESP tool of the
AMBER program suite [19]. The fit was performed

Table 1 Listing of the analyzed phosphorylated amino acids and
their charge states

Charge of the
phosphate group

Total
charge

Aliasa

Phosphoserine �1 �1 S1P
�2 �2 S2P

Phosphothreonine �1 �1 T1P
�2 �2 T2P

Phosphotyrosine �1 �1 Y1P
�2 �2 Y2P

Phosphohistidine
(phosphorylated at ND1)

�1 0 H1D
�2 �1 H2D

Phosphohistidine
(phosphorylated at NE2)

�1 0 H1E
�2 �1 H2E

aAbbreviations for the phospho-amino acids are identical with the
residue names in the library and parameter files
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according to the standard procedure [12] and will
therefore be described here only briefly. In the first stage
of the charge-fitting procedure an overall charge of 0,
�1, or �2 was assigned to the phospho-amino-acid
residues according to the total residue charges listed in
Table 1. The charges of the ACE- and NME-blocking
group atoms were constrained to their values in the
parm99 parameter set, and peptide bond atom charges
were frozen to the parm99 charges for neutral or anionic
amino acid residues, respectively [7]. Furthermore,
charges of all corresponding atoms in the a- and
b-conformers were constrained to be equivalent. In the

second stage, the structurally equivalent phosphate
group oxygens were forced to have identical charges.
The atomic charges of all atoms but unprotonated
phosphate oxygens as well as alkyl/aryl carbons and
hydrogens were constrained to the values from stage
one. In the third stage, charges on all atoms were kept
fixed except those belonging to the previously described
uncharged substructures. While the charges on the car-
bons in unpolar groups were reoptimized in the presence
of a strong hyperbolic restraint, charges on structurally
equivalent carbon and hydrogen atoms were forced to
be equal [7].

Fig. 1 Schematic illustration of
the systems investigated. Acid
hydrogens and corresponding
abbreviations of the singly
protonated phospho-amino
acid residues are shown in red.
The backbone part of the model
compounds is represented by R
(cf. lower right corner; acetyl-
and N-methyl blocking groups
are colored in green and blue,
respectively). The atom names
used correspond to the
AMBER parm99 parameter set
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Determination of missing parameters

It was our intention to introduce as few new parameters
as possible. However, a comparison of bonds, angles,
and torsions of the ab initio optimized structures with
the corresponding parm99 parameters revealed that
some parameters needed to be newly defined. If feasible,
these parameters were taken directly from the general
AMBER force field (gaff) [20]. Table 2 shows an over-
view of all additional parameters and their sources.

Parameters labeled as being taken from the parm99
parameter set were modified slightly by adjusting their
force constants to values suitable for phospho-amino
acids. Since in test MD simulations the P-OS and
P-OH bonds adopted too small values, their force
constants were increased to the corresponding value of
the P-O2 bond. For similar reasons the force constants
of the OH-P-O2 and the HO-OH-P angles were
adapted to the respective value of the O2-P-O2 angle.
Force constants of the improper torsions CR-CC-NA-
P and CR-CW-NA-P were set to values of the same
magnitude as the force constants of analogous, im-
proper torsions adjacent in the imidazole ring system
of histidine.

Furthermore, some adaptions of the gaff parameters
were necessary: the equilibrium value for the NA-P-O2
angle was changed to the respective NA-P-OH angle
value, because the ab initio optimized structures pos-
sessed NA-P-O2 angles that were considerably smaller
than the equilibrium value defined in gaff. Lacking
parameters for the C-OS-P angle, the respective values
of the ab initio optimized structures were examined.
Since the determined values were close to the equilib-
rium value of the gaff c3-os-p5 angle, the parameters of
the c3-os-p5 component were not only assigned to the
analogous CT-OS-P angle but also to the C-OS-P angle.
Parameters for the CA-C-OS angle were taken from the
gaff ca-c-oh angle, which possesses a geometry similar to
that of the CA-C-OS angle found in the ab initio opti-
mized structures.

An entirely new parameterization was necessary for
the phosphate group torsions of the phosphohistidine
residues and the NA-P bond. This was performed using
the phosphoimidazole substructure of the Nd1 phos-
phorylated histidine compound shown in Fig. 1, in
analogy to the generation of phosphohistidine parame-
ters for GROMOS [21].

For determinating the torsion potentials, a singly
protonated as well as an unprotonated phosphate group
form of phosphoimidazole were geometry optimized in
the same way as the peptide model systems described
above. Subsequently, rotational profiles for the O2-P-
NA-CC and OH-P-NA-CC dihedrals were generated.
Seventy-two rotamers differing by 5� were reoptimized
using Gaussian03 with the appropriate dihedral angle
kept fixed. Thereafter, a MM energy calculation was
performed for the corresponding rotamers. Force con-
stants were then varied to match the rotational profiles
of the ab initio calculations.

The NA-P bond-length parameter was set accord-
ing to the mean distance between NA and P in the
ab initio optimized singly protonated phosphohistidine
structures. A force constant for the bond was calcu-
lated in accordance to the procedure recommended in
the AMBER manual [22]. A bond-deformation path
of the NA-P bond of singly protonated phosphoimi-
dazole comprising eight points was calculated using
Gaussian and AMBER. The bond-force constant was
then determined by a least-square parabolic fit
procedure [22].

Validation of the parameters by MM calculations

In order to prove the ability of the new parameters to
reproduce the optimal geometries of the phospho-
amino-acid residues determined quantum mechanically,
minimizations of all model systems were carried out
using the SANDER module of the AMBER 7.0 suite
of programs [19]. The ab initio optimized model pep-
tides were minimized in vacuo as well as in explicit
water employing the parm99 parameter set augmented
by the new phospho-amino-acid parameters. For the
calculations in water, the charged systems were neu-
tralized by adding Na+ counterions. The neutral sys-
tems were then placed in a TIP3P [23] water box with
at least a 10 Å distance between the solute and the
border of the box.

Convergence criterion for all minimizations was a
root-mean-square energy gradient value of less than
0.1 kcal mol�1 Å�1. Gas-phase calculations were con-
ducted using 250 steps of steepest descent minimization
followed by at least 600 steps of the conjugate gradient
method. Minimizations of the solvated model peptides
were started by relaxing the solvent molecules while the
solute atoms were kept fixed. After 2,000 steps of sol-
vent relaxation, a 250-step steepest descent minimiza-
tion of the whole system was performed. Then the
minimization method was changed to conjugate gradi-
ent, which was carried out until the convergence cri-
terion was reached.

In order to analyze the performance of the new
parameters, MD simulations of the model peptides in
aqueous solution were carried out. Prior to the MD
runs, the model systems generated for the aqueous
minimizations were subjected to 2,000 steps of solvent
relaxation and 5,000 steps of free minimization using the
steepest descent as well as the conjugate gradient
methods. Subsequently, an equilibration run of 70 ps
was carried out raising the temperature to 300 K and the
density to a value of approximately 1 g cm�3. MD
simulations were performed at 300 K and 1 bar under
NPT conditions using periodic boundary conditions and
a time step of 1 fs. A dielectric constant of 1 and a 10 Å
cutoff distance were assigned, and SHAKE constraints
were applied. The data collection took place in time
intervals of 1 ps. Every simulation was carried out for a
total of 1 ns.
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Results and discussions

Parameterization

Following the strategy to ensure compatibility with the
present AMBER settings by defining as few new
parameters as possible, the parameterization was limited
to completely missing or inappropriate equilibrium val-
ues and force constants. However, to provide force-field
parameters suitable for accurate simulations of poly-
peptides containing phosphoserine, phosphohistidine,
phosphotyrosine, or phosphothreonine residues, it was
nevertheless necessary to modify or add 19 sets of
parameters (Table 2).

The majority of force constants and equilibrium
values were adapted from available AMBER parameters
in order to stay consistent with the parm99 parameter
set. Furthermore, because gaff was designed as an
extension of the existing AMBER force fields for organic
molecules [20], it is reasonable to take and adapt the
already available parameters.

Determination of parameters not present in gaff and
not resembling any structural object defined in the
parm99 parameter set was performed using well-estab-
lished procedures. Calculation of the P-NA force con-
stant by the method recommended in the AMBER
manual yielded a value of 250 kcal mol�1 Å�2. Ab
initio calculations of the dianionic phosphate group
forms of N-phosphorylated amino acids as well as
analysis of phosphohistidine stability [4] showed that the
P-NA bond is considerably weaker than the P-O bond in
O-phosphorylated amino acids. Since the force constant
assigned to the P-O2 bond in the parm99 parameter set
is 525 kcal mol�1 Å�2, the value determined for the
P-NA bond is reasonable.

AMBER parameters for the rotation around the P-N
bond were determined by calculating the ab initio and
MM energies of the unprotonated and protonated
phosphoimidazole for a set of fixed O2-P-NA-CC and
OH-P-NA-CC torsion values. The O2-P-NA-CC ab
initio energy profile showed three symmetrically ar-
ranged minima and maxima with almost identical

Table 2 New parameters assigned to the phosphorylated amino acids

Bonds Atom types req
a Kr

b Phospho-amino acid

P-[ND1/NE2] P-NA 1.840 (C) 250.0 (C) H1D, H2D, HIE, H2E
P-OG P-OS 1.610 (P) 525.0 (P) S1P, S2P, T1P, T2P, Y1P, Y2P
P-O1P P-OH 1.610 (P) 525.0 (P) H1D, H1E, S1P, T1P, Y1P

Angles Atom types Q eq
a KQ

b Phospho-amino acid

CG-ND1-P CC-NA-P 125.10 (G) 76.7 (G) H1D, H2D
CE1-[ND1/NE2]-P CR-NA-P 125.10 (G) 76.7 (G) H1D, H2D, H1E, H2E
CD2-NE2-P CW-NA-P 125.10 (G) 76.7 (G) H1E, H2E
[ND1/NE2]-P-OXPc NA-P-O2 102.38 (G) 42.9 (G) H1D, H2D, H1E, H2E
[ND1/NE2]-P-O1P NA-P-OH 102.38 (G) 42.9 (G) H1D, H1E
O1P-P-OXPc OH-P-O2 108.23 (P) 140.0 (P) H1D, H1E, S1P, T1P, Y1P
H1P-O1P-P HO-OH-P 108.50 (P) 140.0 (P) H1D, H1E, S1P, T1P, Y1P
CB-OG-P CT-OS-P 120.50 (G) 100.0 (G) S1P, S2P, T1P, T2P
CZ-OG-P C-OS-P 120.50 (G) 100.0 (G) Y1P, Y2P
[CE1/CE2]-CZ-OG CA-C-OS 120.00 (G) 70.0 (G) Y1P, Y2P

Torsions Atom types Vn/2
d ce nf Phospho-amino acid

CG-ND1-P-OXPc CC-NA-P-O2 0.24 (C) 0.0 3 H1D, H2D
CD2-NE2-P-OXPc CW-NA-P-O2 0.24 (C) 0.0 3 H1E, H2E
CG-ND1-P-O1P CC-NA-P-OH 1.45 (C) 0.0 2 H1D
CD2-NE2-P-O1P CW-NA-P-OH 1.45 (C) 0.0 2 H1E

Improper torsions Atom types Vn/2
d ce nf Phospho-amino acid

CE1-CG-ND1-P CR-CC-NA-P 1.10 (P) 180.0 2 H1D, H2D
CE1-CD2-NE2-P CR-CW-NA-P 1.10 (P) 180.0 2 H1E, H2E

Parameters derived from gaff or parm99, or parameterized anew are designated (G), (P), or (C), respectively
a Equilibrium distance or angle in (Å) or (�)
b Force constant for bond or angle in (kcal mol�1 Å�2) or (kcal mol�1 rad�2)
c Phosphate group oxygens not bound to an hydrogen atom
d Torsion potential in (kcal mol�1). The number of bond paths that Vn/2 is divided into is 1
e Phase offset in (�)
f Periodicity of the torsion
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absolute values (Fig. 2), intervals between two extrema
were approximately 60� wide, which is the expected
behavior of a freely rotating PO3

2� group.

In finding parameters that reproduce the ab initio
energy profile properly, the fitting procedure for the
AMBER O2-P-NA-CC dihedral yielded an energy curve

-180 -120 -60 0 60 120 180

dihedral angle in [degrees]

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

2

en
er

gy
 in

 [
kc

al
 m

ol
-1

]

-180 -120 -60 0 60 120 180

dihedral angle in [degrees]

0

1

2

3

4

5

en
er

gy
 in

 [
kc

al
 m

ol
-1

]

a

b

Fig. 2 Ab initio (black) and AMBER (red) rotational profile of phosphoimidazole; (a) deprotonated form, dihedral angle O2-P-NA-CC;
(b) protonated form, dihedral angle OH-P-NA-CC
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almost congruent with the quantummechanical one. The
small root-mean-square deviation of 0.066 kcal mol�1

between the two curves confirms the quality of the
determined parameters.

Using these O2-P-NA-CC dihedral parameters and a
protonated phosphoimidazole model system the fitting
procedure was repeated for the OH-P-NA-CC dihedral.
The ab initio energy profile of that torsion possesses two
unequally distributed minima and maxima, as reported
previously [21]. Thus, a periodicity of 2 was chosen for
the OH-P-NA-CC torsion to match the ab initio values.
In the fitting procedure, care was taken that the MM
barrier of rotation was of similar magnitude as the ref-
erence value, and so the final root-mean-square devia-
tion of 0.376 kcal mol�1 between the two energy curves
indicates good agreement.

Minimizations

For the validation of the phospho-amino-acid parameter
set, MM minimizations of the model systems were
performed in vacuo and explicit water. The resulting
structures show good agreement with the ab initio opti-
mized compounds in terms of bond lengths and angles

(Table 3). Thus, the newly defined parameters perform
well for minimizations in the gas phase as well as water.

Molecular dynamics

The main objective of this work was to develop parame-
ters suitable for MD simulations of phosphorylated
polypeptides in aqueous solution, which was verified by
MD simulations of ten small model peptides, solvated in
water. Energy values, temperature, and density were sta-
ble during the 1 ns MD runs. Molecular geometries
showednomajor distortions, andbond lengths andangles
oscillated about their equilibrium values to an extent that
is also expected for the unphosphorylated amino acids.

For the phosphate groups of phospho-amino-acid resi-
dues, free rotation around the O-phosphomonoester or
phosphoramidate bondwould be expected.MDsimulation
trajectories confirmed the occurrence of such a rotation
during the MD runs. As shown in Fig. 3 for unprotonated
and protonated phosphohistidine, dihedral angles of
phosphate group oxygens interchanged in the course of the
simulations. Values for the torsions O2-P-NA-CC and
OH-P-NA-CC stayed close to the minimum values of the
determined energy profiles (cf. Fig. 3).

Table 3 Comparison of ab initio (gas phase) and AMBER (gas phase and water) optimized structures: sample geometrical parameters
comprising all new parameterized bond lengths and angles of phosphoserine (S1P and S2P) and ND1-phosphorylated phosphohistidine
(H1D and H2D)

Bond, anglesa,b Ab initio (a-/b-conformers) AMBER (gas phase) AMBER (water) AMBER parameters

S1P

P-OS 1.657/1.656 1.60 1.60 1.61
P-OH 1.633/1.638 1.58 1.58 1.61
OS-P-O2 107.2; 105.1/107.9; 104.6 109.8; 109.2 110.9; 109.8 108.23
OH-P-O2 107.8; 108.2/108.2; 107.1 106.2; 106.5 105.6; 105.5 108.23
OH-P-OS 99.7/99.6 103.7 101.5 102.60
P-OH-HO 107.6/107.2 103.7 103.6 108.50
CT-OS-P 119.4/121.0 120.8 121.5 120.50

S2P

P-OS 1.657/1.656 1.61 1.59 1.61
OS-P-O2 100.9; 103.0; 102.0/103.6; 99.7; 102.3 103.2; 102.6; 102.5 105.2; 106.5; 105.4 108.23
CT-OS-P 117.3/120.3 119.8 118.5 120.50

HID

P-NA 1.839/1.828 1.83 1.84 1.84
P-OH 1.604/1.602 1.59 1.59 1.61
CC-NA-P 130.0/130.6 127.8 128.1 125.10
CR-NA-P 121.4/121.0 124.6 125.0 125.10
NA-P-O2 100.7; 103.6/104.6; 101.2 109.3; 104.4 109.2; 107.0 102.38
NA-P-OH 98.1/98.3 106.4 107.9 102.38
OH-P-O2 110.3; 110.0/109.0; 110.7 107.5; 107.0 105.5; 107.4 108.23
HO-OH-P 110.8/111.2 104.8 104.9 108.50

H2D

P-NA 1.839/1.828 1.84 1.85 1.84
CC-NA-P 126.9/127.4 129.2 129.0 125.10
CR-NA-P 124.5/124.3 123.6 123.9 125.10
NA-P-O2 99.1; 96.8; 98.5/99.4; 100.5; 97.2 97.8; 96.9; 99.7 101.3; 101.1; 109.8 102.38

a For the corresponding atom names and their occurrence see Table 2 and Fig. 1
b Bond length values in (Å), bond angles in (�)
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The results generally suggest good performance of
our new parameters and an adequate consistency with
the parm99 parameter set, thus providing a good basis

for future investigations of phosphorylated proteins
using AMBER. The new phospho-amino acid parame-
ters are available through the internet [24].
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Fig. 3 Rotation of the phosphate group during MD simulation for
ACE-HXD-NME model system. Shown are the three dihedral
angles O2-P-NA-CC or OH-P-NA-CC, respectively, for (a)

deprotonated and (b) protonated model system. Color-coding is
according to the oxygen atoms of the phosphate group: O1P
(black), O2P (red), O3P (green); cf. Fig. 1 for atom names
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Supplementary material available

RESP atomic charges for all residues are given in Tables
S1a-e, and an overview of the parameter and library files
available (for all ten phospho-amino acid residues for
the use with the AMBER input preparation module
LEAP) is shown in Table S2 of the Supplementary
Material.
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