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ABSTRACT: A procedure for determining force constants that is independent of the internal redundant coordinate choice is
presented. The procedure is based on solving each bond and angle term separately, using the Wilson B matrix. The method only
requires a single ab initio frequency calculation at the minimum energy structure and is made available in the software “parafreq”.
The methodology is validated with a set of small molecules, by showing it can reproduce ab initio frequencies better than other
methods such as taking the diagonal terms of the Hessian in internal coordinates or by using standard AMBER force fields.
Finally, the utility of the method is demonstrated by parametrizing the dizinc scaffold of bis-dipicolylamine (BDPA) bound to
phosphotyrosine, which is then functionalized into promising antitumor drug proteomimetics.

B INTRODUCTION

Metal ions play a key role in the function of proteins. These
ions can have a structural role, like zinc ﬁngers,l which allow
the protein to bind to various ligands, enabling its activity in
cellular processes such as DNA repair, metabolism, and
signaling. Alternatively, in metalloenzymes, the metal is directly
involved in the catalytic mechanism.”

Metal ions also play important roles in metal organic
complexes. In particular, there has been much interest in dizinc
scaffolds,>™ which are often more efficient catalysts than
monozinc complexes. These complexes can act to cleave
nucleic acids.*” They can also be used in the recognition of
phosphates.”® In particular, dizinc scaffolds have recently been
shown to disrupt binding between proteins, as a proteomimetic
of the phosphopeptide-binding domain of Stat3.”~'* In this
case, a functionalized bis-dipicolylamine (BDPA) binds to a
phosphorylated tyrosine residue; the functional group can be
tuned to recognize the surrounding residue sequences.
Selecting the best functional group is challenging since there
are myriad possibilities, many of which can be difficult to
synthesize. With a well-parametrized system, one could guide
the experiment by screening functional groups computationally
and identifying the most promising compounds.

Even though metal complexes are ubiquitous in chemistry,
there is no good, universal method for parametrizing such
compounds. Part of the problem stems from the fact that most
force fields are optimized to deal with organic systems, which
easily retain their bonded structures. By contrast, metal system
can change their coordination number and geometric
structure’® and generally do not have transferable force field
parameters.

For enzyme systems, this problem is alleviated by the rigid
structure of the protein. For metal complexes in solution, the
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problem is more acute, and new parameters need to be
generated for each system.

There are a number of approaches for parametrizing metal
complexes. One can ignore the bonded terms and approximate
the potential energy surface using electrostatics and van der
Waals terms."*"® This has the advantage of allowing for
changes in coordination. It also reduces the number of
unknown parameters that need to be determined. However,
the paucity of parameters involving the metal center leads to
unphysical rearrangements which give unrealistic coordination
structures. The ion can even escape its coordination cage and
dissociate from the ligand(s) entirely.

In bonded approaches, many more terms are introduced,
specifically bond-stretching, angle-bending, and torsional
coordinates that include the metal center. This generally fixes
the coordination, which gives better agreement with the
original crystal structure during a molecular dynamics run.
With bonded terms, there is also the advantage of including the
metal jons in the frequency analysis. An interesting comprise
between the bonded and nonbonded is an approach referred to
as the semibonded"® method, which uses virtual atoms to keep
zinc atoms in the correct orientation, although this approach is
not widely used.

With a bonded approach, the force constants for the metal
complexes can be obtained either by optimizing the force-field
parameters directly'’~>° or by doing a frequency calcula-
tion.”"** Direct optimization is often very costly: the cost of
(globally) optimizing the parameters grows exponentially as the
number of parameters increases. Least-squares fitting,”> New-
ton—Raphson optimization,18 the simplex method,”* and
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genetic algorithms>>*® have been used to approximate the
terms by using a portion of the full parameter space.
Specifically, in the case of metal sites, Hu and Ryde®’ have
compared the frequency based method of Seminario™® with the
more exhaustive approach of Norrby and Liljefors."® They
found that there is inevitable compromise between the
computational and manual cost of parametrization and the
resulting accuracy of the force field.

A frequency calculation allows one to identify bonded force
constants with the diagonal elements of the Hessian in internal
coordinates.””~** Unfortunately, this method is very sensitive
to the choice of internal coordinate. Seminario and Bautista®***
give an example with the cyclic chon molecule, where the force
constant changes by a factor of 2 depending on the choice of
internal coordinate. To deal with the problem, Seminario
proposed a method to obtain force constants by projection.
Ryde®" used this method for metalloproteins, while Seminario
and Bautisuta et al.>* applied it to small polypeptide chains. Lin
and Wang®* and Peters et al.** have used the method to derive
parameters for systems containing zinc atoms.

In this article, we solve for the force constant of each internal
coordinate separately.*® This avoids the problem of coordinate
choice and closely reproduces the molecular Hessian matrix. A
python code, available on our Web site, allows researchers to
use this method for their own parametrization.

B METHODOLOGY

Our aim is to work with the AMBER®” force field, defined by
the energy function

E= ), Kb—b)*+ D, Ko(0 - 6)

bonds angles
V,
+ Z (1 + cos[np — d)])
dihedrals
S A B |
12 6,
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which consists of terms for bonds, angles, dihedrals, van der
Waals, and electrostatics. For most systems, these terms are
derived with the aid of the software Antechamber®® using either
an AMBER amino acid force field or the general AMBER force
field (GAFF).** Antechamber assigns terms based on
connectivity, and generally the parameters work well for
organic systems. However, for metal complexes and for systems
with features not represented in the standard library set, many
terms are either unassigned or are inaccurate (and need to be
redone).

QM Frequency Calculation for Bonds and Angles. To
obtain unassigned bond and angle terms, a sequence of energy
calculations needs to be done at both the QM and MM levels.
The difference between the potential energy surfaces can then
be fit to determine the harmonic constants. However, this is
generally a computationally expensive procedure. More
efficiently, these terms can be determined from a single
frequency calculation with the minimum energy state structure.
As with a relaxed scan, the vibrational frequencies can be
computed at both the QM level and the MM level, so that the
effects already present in the force field can be removed. When
the difference between the Hessians in Cartesian coordinates is
written as H, = H® — HM" the force constants for the
internal coordinates can be derived using the Wilson B matrix*
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where g; are the internal coordinates and «; are the Cartesian
coordinates. The Hessian in internal coordinates is
T\+ +

H, = (B ) (H, - K)B 3)
where B" is the Moore—Penrose pseudoinverse of the Wilson B
matrix, Ky = ), ¢(0q;)/(0x,0x;), and gf is an element of the
internal coordinate gradient. It is important to evaluate K
because, even though we evaluate the Hessian at the optimal
geometry, g7 may not be fully zero. Nevertheless, this does add
a small coordinate-dependent correction to the force constant.
Its inclusion into the algorithm was not found to significantly
affect the results.

If the internal coordinates fully describe the system, and H,, is
a diagonal matrix, then the force constant parameters are exact
and then can be obtained from the diagonal. When this is not
the case, two problems can emerge from eq 3: (1) The
transformation is sensitive to the choice of internal coordinates.
(2) Significant cross terms appear in the Hessian matrix which
couple different internal coordinates; these terms can be
accounted for directly in the force field but do not appear in eq
1.

Rather than solving for the full Hessian in internal
coordinates, we propose instead to solve for each internal
coordinate separately. In this case, the matrix B is simply a
vector with the only nonzero terms being the atoms involved in
the internal coordinate. Following ref 36, we have:

1. For each bond between atoms m and n, the B matrix is

defined as
dq
b .
B =—-= v,a € ym,ngi=x,9,2z2
= € Vi {m, n} y @

where v=m — n/||m — n| and &,,,, = (5,,—6,,) is the
difference between the two Dirac delta functions
centered at the atom a. The value £, is only nonzero
when a is equal to either m or n.

2. For an angle between atoms m, o, and n
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whereu=m — o/||m — o|| and v=n — o/||n — o||. The
dihedral terms can be written in a similar fashion. Using
these single coordinate transformations, the Cartesian
Hessian can be mapped to the force constant of interest
with eq 3. While eq 3 is normally used as a matrix
equation to map the entire Cartesian Hessian into the
internal coordinate space, in this case, each B matrix is
only a column vector, and so Hg is a 1 X 1 matrix. The
single value of the matrix is the force constant.
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Since the second derivative terms are not independent, the
force constants are determined iteratively starting with an initial
guess. The electrostatics and van der Waals terms are included
in the MM Hessian and are not allowed to change. Force
constants related to internal coordinates could be held fixed.
This is usually done with dihedrals which are better determined
by scanning over the potential energy surface and, with bonds
and angles that are considered to be reliable, are not expected
to deviate significantly from GAFF values. An example would
be the C—C bonds within aromatic rings. The full algorithm is
as follows:

Algorithm for Determining Force Constants

1. Set initial values for the force constants ¢ = o,
2. Compute the ab initio frequencies and the Cartesian
Hessian, HY".,
Compute the AMBER Hessian matrix, HY™
Set H, = H® — HM,
Compute K.
For each bond and angle i:

a. Compute B,

b. B;" = pseudoinverse(B,)

c. Solve As; = (Bf)*(H, — K)B;/2
7. Update the parameter files: 6 = 6 + Ao/2
8. If ||Ao|| < 1.0, then STOP; else, GOTO 2.

SN

In step 6, we damp the step by a factor of 2 to prevent steps
that are too large. The method is stopped when the change in
force constants in units of kcal/mol/A? and kcal/mol/radian’
drops below a threshold, here 1. The only other significant
parameter which requires attention is the cutoff for the singular
values when inverting the Wilson B matrix. This is addressed in
the Computational Details section.

Dihedral Terms. While the dihedral terms could be fit to
vibrational frequencies, the harmonic approximation is
particularly poor for the torsional degrees of freedom. Instead,
the terms are usually derived from a relaxed PES scan.
Specifically, a scan of the dihedral angle is performed both with
a quantum mechanics (QM) method and with a molecular
mechanics (MM) force field in which the dihedral term has
been set to zero. The difference in energy between the two
scans is then fit to a Fourier expansion:

(1 + cos[ing — 8])

S |_<:

(6)

where M is the number of terms that are used, V; represents the
Fourier coefficients, § is the phase shift, and # is the periodicity.
While any number of terms may be used in the expansion, to
guard against overfitting, it is wise to use a minimal number of
terms. Generally, one sets M to truncate terms in the Fourier
series whose coefficients are sufficiently small. We chose to
expand eq 6 until the coefficients were less than 0.1. The scans
were done with fixed increments, giving a least-squares

equation
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to solve for the Fourier coefficients.

B COMPUTATIONAL DETAILS

The method was first tested with several small molecule
systems: hydrogen peroxide, biphenyl, bicyclo[2.2.2]octane, 3-
nitropyridine, and toluenesulfonic acid. These structures were
built with Gaussview*' and then optimized with Gaussian 09*
(g09) using HF/6-31G(d). Charges were obtained with
electrostatic potential (ESP) fitting using the pop=CHELPG™*
keyword.

In addition, we parametrized the metal-containing system
bis-dipicolylamine (BDPA) which consists of two bound zinc
ions and a phosphotyrosine. This was split into two parts to be
parametrized separately: (1) the biphenyl ring (Figure 1) and

Figure 1. The two torsional angles adjusted to match the QM values.
The angle ¢ was used to generate the profile in Figure 4.

(2) the dizinc BDPA scaffold bound to phosphotyrosine
(Figure 2). For the BDPA scaffold, the bonded model was used
with a coordinate bond added between the five neighboring
atoms of each Zn?* ion.

For all systems, Cartesian Hessians and vibrational
frequencies were determined with the FREQ keyword and
the “freqchk” utility provided with g09. These values were then
scaled with the appropriate scaling factor,** 0.8953, for
Hartree—Fock. The MM frequencies were calculated with the
NAB* (Nucleic Acid Builder) molecular manipulation
language. This has a C-like interface to AMBER. The program
LEAP, which is included in AmberTools 1.4,>” was used to
generate the parameter files. A short code was written to read in
the parameter files and coordinates and then call the function
mme2 to compute the MM Hessian.

The MM Hessian matrix was subtracted from the QM one
before determining the force constants. Force constants were
determined using both the traditional approach of taking the
diagonal elements of the Hessian in internal coordinates and
the approach proposed here, where each force constant is
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Figure 2. BDPA dihedrals scanned to determine the parameters. R
groups were later placed at the starred position on the phenyl ring to
derivatize the scaffold.

determined separately. In both approaches, the same basic
iterative Algorithm for Determining Force Constants was used.
When several bonds or angles had the same atom types, the
average value of the force constant over all equivalent bonds/
angles in the molecule was used. Equilibrium values for bonds
and angles were taken from the QM structure.

The algorithm was implemented in Python with the aid of
the package MolMod.** MolMod is a Python package that
provides modules for internal coordinate transformations and
derivatives using Gaussian formatted checkpoint files. This code
was named parafreq, and it can be found on the Ayers group
Web site.” The code can be used to determine force field
parameters for bonds, angles, and dihedrals. While including
dihedral terms gives more accurate frequencies, the resulting
dihedral barriers can deviate significantly from barriers
determined by a potential energy surface scan.

In the dizinc system, the improper dihedrals, atom types,
dihedrals, and terms related to the organic part of the system
were obtained with the program Antechamber®® using GAFF
and AMBER ff99SB. Additional terms related to the
phosphotyrosine were taken from ref 48. For the nonorganic
part of the dizinc system, the dihedrals were set to zero. Certain
critical dihedrals that were important for the overall motion of
the BDPA relative to the phosphotyrosine and dihedrals related
to the motion of the biphenyl group were determined with a
one-dimensional dihedral scan in g09 using the MODRED
keyword. These dihedrals are shown in Figures 1 and 2. The FF
terms were then fit to the error between the QM and MM
energy profiles using eq 6. These critical dihedrals acted as
catch-all terms to get the overall motion of the complex correct.

For the biphenyl on the BDPA, a methylated amino group
(NME cap) was used to cap the R group (Figure 3) in the
initial parametrization. The phosphotyrosine similarly was
capped with an NME and an ACE group at either end. The
charges on these capped groups were fixed to the standard
AMBER values using restrained electrostatic potential®®
(RESP) fitting, with a 0.0005 au hyperbolic restraint on the
heavy atoms.

These derivatized structures were then placed within the
dizinc scaffold bonded to the pY group. The final sequence was
created with LEAP using ACE and NME caps for the ends. The
polypeptide was then minimized using steepest descent,
followed by conjugate gradient. This was followed by heating
the system for 100 ps to 300 K. Finally, a 4 ns production run
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Figure 3. Two examples of amino acid functionalization of the BDPA
receptor.

of MD with implicit solvent using a Berendsen thermostat and
no cutoffs was performed.

B RESULTS

Hydrogen Peroxide. As the simplest realistic molecule
with bonds, angles, and dihedrals, hydrogen peroxide is an ideal
test case for examining how well various force field para-
metrization techniques reproduce the vibrational frequencies
from QM calculations. Table 1 compares the frequencies of the

Table 1. Frequencies (cm ') for Hydrogen Peroxide Using
the Two Possible Methods of Determining Force Constants

method HF/6-31G(d) diagonal terms single projection

3872.8 3913.0 3870.4
3871.0 3902.6 3859.5
1546.4 1288.4 1571.3
14124 1184.8 1479.6
1088.26 979.7 1078.0

376.3 233.04 2333

error 0 809.33 259.26

single-projection method introduced here to the frequencies
obtained when the force constants are taken from the diagonal
terms of the Hessian in internal coordinates. The frequencies
shown are not scaled. The dihedral is left as a constant, and the
internal force constants for, H—O, O—0O, and H-O-0 are
allowed to vary.

The error in the frequencies is about a factor of 3 lower with
the single projection method after three iterations of MM
frequency calculations. Interestingly, the reduced error in the
frequencies does not mean that the Hessian matrix itself is
more accurate. In fact, if we compare the entrywise 2-norm,
lAll, = O Z}-":lla,jlz)l/z, of the difference between the
parametrized Hessian matrix and the exact QM Hessian (both
in Cartesian coordinates), using the diagonal terms is found to
lead to a better approximation. Specifically, ||H||,/N = 0.22 for
the single-projection approach and 0.15 for the Hessian-
diagonal approach.

Small Molecular Systems. The unscaled vibrational
frequencies of the small molecules listed in Table 2 are
compared to the “exact” HF/6-31G(d) results from Gaussian.
The atom types, dihedrals, and improper terms were
determined using GAFF; the remaining terms, which can be
found in Tables S1—S4, were determined from the frequency
analysis. From Table 2, it is clear that determining the force
constants one at a time by the single projection technique gives
the best results. The error obtained when using the GAFF

dx.doi.org/10.1021/ct2007742 | J. Chem. TheoryComput. 2012, 8, 554—562
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Table 2. Norm of the Error in the Frequencies for Four
Small Molecules

single diagonal GAFF seminario
biphenyl 622 S21.7 129.98 80.71
bicyclo[2.2.2]octane 68.0 309.5 73.5 129.43
3—nitropyridine 78.7 115.6 156.5 128.70
toluenesulfonic acid 46.7 104.5 158.0 108.36

parameters is about twice as large, while the error from
Seminario’s method is about 1.5 times larger. When the force
constants are determined from the diagonal of the force-
constant matrix in internal coordinates, the vibrational
frequencies have even larger errors. The error is particularly
large for the biphenyl and the bicyclo[2.2.2]octane systems.
This is probably due to linear dependencies between the
internal coordinates: the Wilson B matrix had a large condition

number in both cases.

Table 3. The Matrix Norm of the Difference to the QM
Cartesian Hessian

single diagonal GAFF seminario
biphenyl 0.65 312 0.93 111
bicyclo[2.2.2]octane 0.23 0.69 0.50 0.38
3-nitropyridine 0.70 0.88 0.87 0.76
toluenesulfonic acid 0.50 0.66 1.12 0.60

Table 3 gives the norm difference of the QM Cartesian
Hessian. The results largely mirror the relative errors in the
frequencies shown in Table 2.

Functionalized Bis-dipicolylamine Dizinc Complex
Bound to Phosphotyrsine. For the biphenyl ring, a
frequency calculation was done to determine all bond and
angle terms in the FF. These terms were similar to the GAFF

values and were not used in the subsequent analysis. However,
it is instructive to compare the exact QM frequency spectrum
with the spectrum of the other two methods: taking the
diagonal terms and determining each term separately. As seen
in Figure 4, the agreement is very good for the algorithm for the
separately determined spectrum.

For the dihedral angles of the biphenyl ring, we focused on
the ones shown in Figure 1, since they affect the conforma-
tional space sampled most significantly. Comparing the QM
torsional profile to the AMBER profile revealed differences on
the order of 10—20 kcal/mol for two of the most important
dihedral angles. This large difference was due, in part, to
additional improper dihedrals imposed on the amide part of the
molecule by Antechamber. It was also partly due to the effects
of hyperconjugation, which are not accurately modeled by
GAFF.

Once the improper and dihedral terms corresponding to
these rotations were removed, the dihedral data were refit based
on a Fourier expansion of the energy expression. For the
dihedral corresponding to a rotation about the C—C bond
between the biphenyl rings, the results of the match are shown
in Figure S.

For the dizinc scaffold, a similar procedure was performed
with the dihedrals shown in Figure 2. These parameters could
not be correctly determined with a frequency analysis, and the
force constants were significantly different from those obtained
with an energy scan. With the dihedral fixed, the value obtained
with the scan parafreq was used to get the frequencies for the
dizinc scaffold bound to the phosphorylated tyrosine. The
spectrum is shown in Figure 6. The spectra match up well
except for high-frequency stretches around 2400 cm™" and 3000
cm™". These correspond to the C—C and C—N bonds in the
phenyl rings and to C—H bonds, respectively, and are taken
from AMBER ff99SB. Notably, some of the frequencies are
negative, which is the result of fixing terms to the AMBER force
field.
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Figure 4. Frequency spectrum for the biphenyl group using HF/6-31G*. “Exact” is the QM spectrum.
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The final structure was derivatized with two groups (Figure
3). These derivatized structures could then be used as custom
residues in short polypeptide sequences. To test the stability of
the structure when the parameters were derived in this way,
short MD runs were performed on the sequence ACE—
pYLKTK—NME, shown in Figure 7 for derivative B (Figure 3).
An analysis of the trajectory (Figure 8) shows that the peptide
samples a wide range of the conformations for the first few
nanoseconds of the trajectory and then settles into an

energetically stable structure.
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The coordination does not change during the MD run, and
the dizinc core remains similar to the minimum energy
conformation. This points to the benefits and shortcomings of
the method. Using an implicit solvent model with Gaussian, the
enthalpic cost of adding a water into the coordination of the
zinc in BDPA is 3—4 kcal/mol. A similar enthalpic cost was
associated with a nonsymmetric structure, in which one site was
tetrahedral and the other was pentacoordinated. Neither of
these structures can be correctly accounted for with a bonded
model derived through frequency analysis. Nevertheless, the
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Figure 7. Lowest potential energy structure of ACE—pYLKTK—-NME
bound to BDPA functionalized with Val.

basic structure is maintained in a way that a nonbonded model
could not achieve.

H CONCLUSION

In this paper, we have presented a method for parametrizing
the AMBER force field that is largely independent of the choice
of coordinates. The method requires only a frequency
calculation and is able to determine unknown bond or angle
force constants from an existing partial parametrization. A
corresponding Python software package called parafreq was
developed that allows researchers to easily determine force
constants for any system.

The method is based on solving for each internal coordinate
force constant separately using the Wilson B Matrix. A test set
of small molecules was used to show that the method gives
significantly smaller errors in the frequencies compared to using
parameters from GAFF or when using the diagonal elements
from the Hessian in internal coordinates.

We further demonstrated that the method is applicable to
large systems of interest, by parametrizing a biphenyl
functionalized dizinc scaffold. For the biphenyl ring, we showed
that one cannot rely upon GAFF parameters for the dihedrals,
especially when hyperconjugation is involved. For the rest of
the system, the frequency spectrum of the MM parametrized
system was shown to match up well with the QM results, with
significant deviations only in the organic region where the force
constants were borrowed from the AMBER force field. The
parametrization was verified with a molecular dynamics run in
which the residue is incorporated into a short polypeptide
strand. The MD settled in a stable structure with the correct
coordination geometry.

There are some drawbacks, as there are with other methods
based on harmonic frequencies, that still need to be addressed:
(1) Dihedrals need to be determined by constrained
optimizations, and (2) with a bonded model there is no easy
way to account for changes in coordination. However, we have
shown that with parafreq, molecular systems with unknown
harmonic terms can be easily determined on the basis of a
single frequency calculation, and that the frequency spectrum
can be more accurately determined than other methods such as

Val
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Figure 8. Potential energy and RMSD (relative to the lowest energy structure) of the polypeptide backbone of the Stat3 sequence ACE—pYLKTK—

NME bound to BDPA. The red line is the 100 ps running average.
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using the diagonal elements from the internal coordinate
Hessian, using GAFF parameters, or using Seminario’s method.

B ASSOCIATED CONTENT
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Bond and angle stretching parameters for biphenyl,
bicyclo[2.2.2]octane, 3-nitropyridine, and toluenesulfonic acid.
This material is available free of charge via the Internet at
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