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Abstract

An algorithm and software to refine parameters of empirical energy functions according to
condensed phase experimental measurements are discussed. The algorithm is based on sensitivity
analysis and local minimization of the differences between experiment and simulation as a
function of potential parameters. It is illustrated for a toy problem of alanine dipeptide and is
applied to folding of the peptide WAAAH. The helix fraction is highly sensitive to the potential
parameters while the slope of the melting curve is not. The sensitivity variations make it difficult
to satisfy both observations simultaneously. We conjecture that there is no set of parameters that
reproduces experimental melting curves of short peptides that are modeled with the usual
functional form of a force field.

[. Introduction

One of the prime goals of Molecular Dynamics (MD) is to compute ensemble averages of
measured quantities, say O, and to compare the results to experiments®. These comparisons
are used to validate the results of computer simulations and to fine-tune the computational
models. These averages are computed in MD by a time series

(O)=lim(1/n) [or)dr (1)
0

The averages or the expectation values are compared to the experimental value Ogyp. If the
trajectory is sufficiently long and ergodic, and is computed according to dynamics that
produces the canonical distribution of coordinates (e.g. iso-kinetic ensemble?) then the time
series can be replaced by a desired coordinate average

[dx - O(x)exp(-BU(x))

(0)=
[dx - exp(-BU(x))

where Uis the potential energy of the system and B = 1/4T. Predictions by MD of
experimental observations have two sources of errors: (i) statistical and (ii) systematic
(biased) errors. MD calculations require long simulations to converge the above averages. If
the sampling is from the correct distribution the (statistical) errors decrease as Vt where tis
the time. Longer simulations can further reduce the statistical errors but systematic errors
remain.

If the statistical sampling is adequate, the remaining errors are a result of inaccurate
potential {x). The functional form may be imprecise. For example, most empirical
potentials use point charge models to compute electrostatic energies while the problem at
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hand may require a better formulation of the charge density that includes polarization.
Alternatively the functional form of the potential is retained and only the parameters of the
energy are modified.

Interestingly, widely used force fields such as CHARMm3, AMBER?, and OPLS? retain
highly similar functional forms. Refinements of the energy function are mostly made by
adjustments of the parameters of the energy function. Given the above experience, it makes
sense to automate the process of parameter refinement assuming a fixed functional form.
This is what we have done and describe in the present manuscript.

Considerable development to test and improve empirical energy functions have already been
made as described in the above manuscripts. Therefore a valid question is whether further
adjustments are needed and what are the target observables that require these adjustments?

In the present manuscript we focus on conformational transitions and folding of small
peptides. We illustrate that the current functional form is sufficiently flexible so that
parameters can be found that reproduce the folding fraction at room temperature. In fact the
folding fraction is an extremely sensitive function of the torsion parameters, so it is not
obvious that a particular set of parameters that we fit for one peptide will be transferrable to
other folding problems.

We also demonstrate that peptide parameters that reproduce the melting curve of the
peptides are much harder to identify. We conjecture, based on our numerical optimization,
that no peptide parameters could be found that reproduce the correct melting curve of
peptide folding. This is over a significant temperature range, given the current functional
form of the peptide force field and the use of the TIP3P water model®. These observations
illustrate the usefulness of the proposed approach that not only provide a suitable set of
parameters for a particular case but also examine the feasibility and sensitivity of the fitting
process.

[I.1 The Potential Energy

The basic functional form for MD potentials is a summation of bonding and non-bonding
terms. The non-bonding terms are represented by pair potentials: the Lennard Jones potential
and the point charge Coulombic energy. The non-bonding terms are instead represented by
two, three and four body potentials (bonds, angles, proper and improper torsions):

U= Upt > Ut Y Ugt D U+ > U, + > Uetee
b 0 ) T L]

elec

k k
szgh(b — b())2 Ug):?e(e — 9())2 U¢=Zancos(n¢+5n) (3)

k o\12 (o\6 4i9;
U1:E](¢1 _¢[0)2UL/:48((7) - (—) )Uele(‘: el#

r rij

For the Lennard Jones potential a mixing rule for different chemical species must be
defined; OPLS force field for a pair of atom types (7, j) defines o= /o0 ; and &;;=+f€i€;

1
(another possible mixing rule used by other force fields is oij=5 (0'i+0'j)). In general the
potential energy depends on the set of parameters{{ 4, to}, {ko, ©0}, {1 90}, {a}, {o, e},
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{g}}; the complete set of parameters is denoted by {r}. We call a force field that uses the
functional form of Eq. (3) the standard force field.

[1.2 Optimization of the Target Function

The distance between the experimental result and the average that we obtain through our
mathematical model is the error associated with modeling; ideally it should be zero. This
distance is our target function ® and we want to minimize it in the space of parameters. If
the observable O(x, p) is measured for a range of thermodynamic variables (e.g. temperature
7) we define

T,
O(m=[((0),.,, ~ Oexp(D)) dT. @)
T,

Where Ogyp (7) is the experimental value and the experiment is performed in the
temperature range 77 to 7,. The number of parameters that we wish to optimize can be large
and an exhaustive grid search in r-space to optimize ® (1) may be costly. Knowledge of the
gradient of the target function V. © (i) allows us to use more efficient minimization
algorithms. The gradient is computed in a single ensemble average,

T
Vx0(m)= f2 <<0><n.T) = Oexp (T)) V”<0>(m,T)dT’ Vﬂ'(O)(mT)
T,
=(Vz0(x, p, 7)), ., ®)

—B[(V<H - O, p. 7)), — (VzH),, (O(x. p.m),_, |

Where we have also used V. (O)(n' 7, to denote the sensitivity of the macroscopic
observable (O)(n, 7) With respect to the parameters . The sensitivity measures show how
much the observable depends on a parameter; if it is zero the observable does not depend on
that parameter and no improvement in the target function can be achieved by varying it.

It is most likely that the dependence of the observable on the parameters would not be direct
but through the potential energy (e.g. the observable can be the potential energy itself, or, for
example, the heat capacity). In that case we write

<V7r0(-x9 P, ﬂ)) = (VU O(X, )28 U)VII'U>(”VT) (6)

@T)

An approach to force field optimization is to manually modify one parameter at a time and
check what is the effect on the quantity of interest in a simulation. Clearly the use of a
gradient promises more efficient, accurate, and automated optimization procedure. This is at
the cost of the development of appropriate software.

The use of sensitivity in the optimization process solves the two problems at once. First,
chemical intuition is substituted by a quantitative measurement whose value is affected only
by a tractable statistical error. Second, all the parameters are simultaneously optimized
allowing the capture of subtle cooperative effects that could not be detected previously.
There is no practical restriction on the number of parameters that can be handled
simultaneously. The disadvantage of the proposed algorithm is that the computed ensemble
averages can be expensive, while the use of chemical intuition can cut many corners and
determines the correct set of parameters more quickly.
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The information contained in the gradient can be used to implement several optimization
algorithms, like Conjugate Gradient and Steepest Descent’ minimization or overdamped
Langevin dynamics; the first two are deterministic local minimizers while the latter is a
stochastic algorithm designed to be a global minimizer. Global minimization requires (of
course) a significantly larger number of function evaluations.

The force fields that are widely used today (e.g.3~>' 8) are useful for many modeling tasks
and have been refined and tested over a span of many years. Therefore, a large change in
their parameters is not desired when optimizing for a specific observable. The smaller the
modifications we make, the more likely the new potential will be transferable to other
systems and other observables. For this reason we choose to use a local optimization
algorithm, i.e. Steepest Descent. Modifying the set of parameters along the direction of the
gradient guarantees maximum change in the value of the target function with a minimum
displacement of the parameter values. Steepest Descent minimization is the simplest
optimization algorithm, and operates following the recipe:

Ami=mip1 — mi= — a;VL0O(m), (7)

where a is a scalar parameter. We estimate the parameter a by use of the following heuristic
method. First, we calculate the expected change in the target function © (i) for a
displacement A in the linear regime:

AB()V,O(m;) - Ami= — a;V,O(r;) - V,O(m;).  (8)

Then, we pick the desired change A; for the function ® (rt); finally, we choose a such that:

Ai=— a;V,0(m) - V:0(m), (9)

Deciding the optimal value of A is not obvious and it varies from case to case; in our first
illustration, shifting the conformational equilibrium of alanine dipeptide, we choose

A= — O (). This is the maximal change we can have (the minimum of the target function is
at zero). This is a large step. However, the torsion potentials, that make the largest
contribution to the alanine dipeptide problem, are linear in their parameters (note that the
thermodynamic average is not linear). Therefore the regression expression is approximately
quadratic which is appropriate for large Newton-Raphson-like steps. In this case the
minimization is equivalent to the Newton-Raphson algorithm to find roots of a real valued
function

O(n;) O(m)V.O(r;)

NV 0m)  V,00m) T T V00 - Vo) O

In our second application of optimizing the potential for a pentapeptide, the system deviates
significantly from the quadratic description and we used progressively smaller A7 with the
smallest value being just 1% of the ® (mt)).

We call the optimization method outlined above POP (Parameter OPtimization). The POP
algorithm consists on iterating the following steps:
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[1.3 Alanine dipeptide setup

We consider the “toy problem” of solvated alanine dipeptide that was simulated as follows.
The program used for Molecular Dynamics simulations was MOIL?. The initial force field
parameters were the united atom version of OPLS®® (the covalent parameters are from
AMBER19). The water model was TIP3P®. The blocked alanine dipeptide was solvated in a
periodic box of 19.63A3 with 248 water molecules. The simulations were conducted at
constant temperature of 300K (NVT ensemble) using velocity scaling. The equations of
motion were integrated with a RESPA algorithm®! employing two time steps (1fs and 4fs2).
Water molecules were matrix SHAKED22 with allowed relative errors in bond lengths of
10712, SHAKE?2 was introduced on the bonds involving hydrogen atoms with tolerance
10712 A, The time step was 1 fs. The Lennard Jones interactions were truncated as at 8.5 A
using a buffer cutoff of 1 A. Electrostatic interactions were computed with Particle Mesh
Ewald!4 that was used with error tolerance of 1079 in reciprocal space and grid 20x20x20.
For each of the iterations of parameter optimization 100ns of a MD simulation was run to
compute the sensitivity. A structure was save each 1ps, thus providing a total of 100,000
structures that were processed by the program POP to calculate the observable and its
gradient and optimize the potential parameters as described in Table 1.

1.4 WH5 setup

I1.4.1 WH5 helical fraction—WH?5 is a shortcut for the blocked peptide Ac-WAzH*-
NHj, (the histidine is in its protonated form) which was studied experimentally!® and
computationally2®?. 16 as a model for the formation of a single helical turn and minimal
secondary structure. We seek parameterization of the potential for this peptide that
reproduces a critical experimental curve for this system, the temperature dependent helical
fraction!®. The simulation setup was the same as for alanine dipeptide unless explicitly
stated otherwise. The program MOIL in its GPU version% was used in the simulation. The
all atom version of the OPLS force field®@ (OPLSAA) started the optimization procedure.
The molecule was solvated with 851 TIP3P water molecules in a periodic box size of 30.6
A3 and the simulations were conducted in the NVT ensemble using velocity scaling. The
Particle Mesh Ewald grid was 32x32x32. Simulations were run at temperatures 280, 300,
320 K for 360 ns each optimization cycle. Each picosecond of simulation a structure was
recorded and saved. The program POP processed the collected structures. It computes the
helical fraction and its derivative with respect to the parameters and modifies the
parameters. The process was iterated 4 times following the algorithm of Table 1, always
using the same three temperatures and the same time of simulation (360 ns).

11.4.2 WH5 melting curve—The helical fraction is an integrated measure over a range of
temperatures. It does not capture the shape of the melting curve or the melting temperature.
To study the last we also consider as a target function the derivative of the helical content as
a function of temperature. The simulation parameters were the same as in 11.4.1 except that
twelve temperatures equally distributed between 280 and 390K were considered and replica
exchange simulations were usedl’. Temperature swaps were attempted each 10 steps. The
average running time between two temperature swaps was ~2.8 ps. This time the simulations
were run for 400 ns for each step of parameter optimization.

[l Results

1.1 Alanine dipeptide

Solvated alanine dipeptide has been a model system in computational molecular biophysics
for a long time. Here we examine it as a toy model for which the answer can be easily
guessed. We obtain the optimal potential using our automated POP procedure. The
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conformational state of alanine dipeptide can be characterized by two soft degrees of
freedom, the dihedral angles (¢, ).

Figure 1 shows the probability density of configurations as a function of (¢,y) calculated
with the united atom OPLS®: all the populated states are located in the region with negative
¢ (quadrants Il and 111). The region with highest probability density is in quadrant Il and it
corresponds to helical states.

We define our microscopic observable O(x, p) to be the following indicator function:

—-100° <y <0°
elsewhere

1
1w= 1

The ensemble average of the function / (y) is the probability of finding the molecule in the
defined region. At 300K approximately 38% of the structures analyzed have y-angle that
falls in the range —100° to 0°, therefore:

=0.38 (12

a >(0PLS UA,300K)

As a proof of principle, we use POP to modify the energy parameters to make the helix
region unfavorable. This change does not imply (of course) that the preferred conformation
of alanine dipeptide in nature is of extended chain. Nevertheless, it is a useful exercise to
illustrate the POP algorithm. We seek to modify the force field in such a way that exactly
10% of the structures lie in the helical region, therefore for the function /() we set up a
target value /7476e7= 0.1. We will use a single temperature, so the distance function that
we use is:

2
®(ﬂ):(<1>(n,3001() - ITARGET) (13

We minimized © () as a function of the parameters of the proper torsions and Lennard-
Jones interactions. These energy terms are typical targets for optimization. Charges are
frequently determined by quantum mechanic calculations and we have them fixed in the
present manuscript. The total number of parameters that we consider is 72.

One iteration reduces the target function significantly; after three iterations the © (1)
distance function is 2 x 107 where {/}(pop3004) = 0.106 + 0.005 and the target was
considered achieved (Figure 2).

Figure 3 shows the difference in the dynamics of a trajectory obtained with united atom
OPLS and one obtained with the last version of the modified potential. When simulated with
the original force field the molecule has frequent transitions between the helical state and the
extended chain state spending a significant amount of time in the helical state; when
simulated with the modified potential the molecule undergoes fewer transitions into the
helical state and the amount of time spent in that state is reduced to the one prescribed as a
target.

To explore variations in the target function we repeated the POP optimization using a
different target; this time instead of reducing the probability of the helical state we increase
the probability of the extended chain state. We defined the extended chain state by a range
of the y-angle (between 90° and 180°); and set /7,apger = 0.9. The results are shown in
Figure 4, the target was essentially achieved with just one optimization step.

J Chem Theory Comput. Author manuscript; available in PMC 2014 August 13.
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The probability of helix as well as the probability of B-sheet is largely determined by the
torsion potential; the sensitivity with respect to the Lennard-Jones parameters is very small
and little to no change was made to those parameters.

In MOIL, all possible torsions are generated based on the bond structure that is computed
from the system sequence and prior database of amino acid connectivity. In a second step
these torsions are assigned values according to the force field at hand. Torsions that do not
have contributions to the energy are removed from the list to save computational resources.
However, during the optimization it is important to consider also torsions that have no
contributions to the current force field but may have one in a refined force field. The POP
code was therefore modified to take into account torsion terms with zero coefficients and to
compute their parameter derivatives.

Alanine dipeptide has 16 torsions subdivided into 13 torsion types (a torsion type is defined
by all four types of atoms in sequence, either in the forward or backward directions). Of the
13 torsion types, 5 torsions are initially set as having no contribution to the energy. Perhaps
not surprisingly most of the changes in the force field following POP are in those torsions.
POP procedure returns more non-zero torsion coefficients. The stiff torsions (rotations of the
amide planes) remain stiff as they should and the free torsions remain relatively soft, even if
the coefficients are no longer zero. It is striking that the small, distributed changes of the
force field have dramatic effects on the general behavior of the molecule as demonstrated by
the density plots.

We applied the POP method also to the pentapeptide Ac-WAAAH-NH, (WH5) with the aim
of reproducing the experimental helical fraction as a function of the temperature. WH5 is
forming an a-helical turn efficiently and rapidly6. WH5 consists of only 5 amino acids, i.e.
a minimum number of amino acids to form a complete turn of an a helix. Its secondary
structure has been determined by nuclear magnetic resonance (NMR) and circular dichroism
(CD) and the kinetics of the helix <>coil transition has been studied by T-jump
experiments® The cited reference reports the far UV CD spectra of WH5 and the derived
helical fraction as a function of temperature. The small size of WH5 and its fast kinetics
make this molecule the ideal candidate to undergo optimization by POP. The required
sampling of conformational space should not be a problem for modern computer hardware
and software.

The experimentally determined helical fraction for WHS5 is reproduced from the
experimental data of ref6 and is shown in Figure 6 in the temperature range 280-360. In
referencel® the CD spectra was empirically matched against known fingerprints of a helix
spectrum. The match provided the plot of helical content in Fig 6. The curve is similar in its
overall shape to the melting curve measured for the peptide (AAQAA); by NMR18. The
experimental helical fraction decays from 56% to almost zero. We focus on three
temperatures 280 K, 300 K, 320 K and conduct the required simulations as described in
section 11.4.1

In general, the average value of the (¢,y) angles for the a-helix is peaked near the point
(-62°,-41°); we considered an amino acid to be in helical conformation if its backbone
dihedral angles fall in a circle of radius 20° from the ideal value. Other definitions are
possible. In the Lifson-Roig model emphasis is made on the hydrogen bond and therefore a
helix is defined if three sequential amino acids are in the helical state. It is not clear if this is
the appropriate definition for CD spectra. We therefore try them both. Below we present the
result only for the single-amino acid definition. The use of three (¢,y) pairs does not
improve the results.

J Chem Theory Comput. Author manuscript; available in PMC 2014 August 13.
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We define our microscopic observable O(x, p) to be the helical fraction:

_ N helix
H)=5—" (4

total

where Npeix is the number of amino acids in helical conformation and A,y is the total
number of amino acids (5 for WH5).

As shown in Figure 7, in this temperature range the simulation with the starting potential
gave helical fractions that are at significant variance with experiment.

First, the helical fraction calculated from the simulation is less than the experimental value
over the complete temperature range. Second, (H)(OPLSAA, 7) doesn’t exhibit the sharp
dependence on temperature seen in the experimentally determined curve. The computational
curve is almost constant in the range considered.

We defined the target function to be:
2
®(7T)=Z[(<H>(,,_Ti) - Hexperiment(Ti)) (15)

The index 7is running over the three temperatures 280, 300 and 320 K. POP optimization
was performed on the Van der Waals and torsions parameters to minimize © (r); water
parameters and charges were left untouched. After the first iteration the helical fraction was
significantly improved reproducing the correct value at ~300 K (Figure 7). Three more POP
iterations were performed with no substantial improvement; correct temperature dependence
(or the overall shape of the melting curve) of the in silico helical fraction could not be
achieved. The optimization process acted mostly on the parameters of the 207 torsions
present in the molecule, thus confirming the intuitive idea that the helical fraction mostly
depends on torsions; not one of the Lennard Jones parameters was modified more the 0.1%.

Remarkably, the changes in torsions parameters were small too. The molecule has 207
torsions subdivided in 97 torsion-types. Of 97 torsion-types just 7 had parameters modified
in the range 5-10%, 9 torsions had parameters modified in the range 2-5% while the rest
had changes less than 2%. These small, distributed changes in the parameter’s set had a
large effect on the helical fraction increasing it by more than a factor 2, Figure 8.

Figure 9 shows the probability density of all the 5 amino acids of WHS5 in different positions
of the Ramachandran Map. The figure shows a comparison of probability densities for the
starting and optimized force fields. The calculation presented is at temperature 300K. The
result of the optimization is (as designed) an increased population of helical conformations.
The differences between the two probability densities are also reported.

A second attempt to optimize the shape of the melting curve was made by modifying the
target function. We focused not on the helical fraction but on its derivative with respect to
the temperature. We defined the target function to be:

<H>(n.r,»+1) - <H>(n.T,-) Hexperiment (TH—I) - Hexperiment (Ti)

(i,experiment)=
Ti - T; Tin—T;

J Chem Theory Comput. Author manuscript; available in PMC 2014 August 13.
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Where T, 7, T3 are, as before, the temperatures 280,300 and 320 K. We are therefore
optimizing the numerical derivative of the helical fraction with respect to the temperature
calculated at the two mid-temperatures 290, 310 K.

The convergence of the sensitivity was verified using independent simulations. Two
molecular dynamics trajectories generate configurations to compute the average and the
derivatives independently for each of the trajectories. Figure 10 illustrates the high
correlations between the vectors of derivatives suggesting that the calculations of the
derivatives indeed converge.

The final value of the target function is ® = 2.6 x 10™*. No further improvement in the target
function was obtained and the slope was not improving with additional cycles. We
concluded that within the error bars of the potential parameters it is not possible to adjust the
shape of the melting curve.

Conclusions and Future Directions

In this manuscript we illustrate a combination of sensitivity calculations and direct local
optimization of potential parameters for condensed phase simulations. This procedure,

called POP, is a potentially useful approach for fine-tuning an energy function for
applications in which statistical mechanic averages are compared with experimental
measurements. The advantage of the proposed approach is that it can handle a large number
of parameters in a single automated calculation. This is not to say that human decisions are
completely factored out. Especially for cases in which multiple experimental observables are
of interest we expect to have weight coefficients for a sum of measured observables

0= ) wil{0i) — Oexp.i

Z P ) where the weights, w;, are determined by the user. Experimental
uncertalntles as well as the importance of a particular observable for future projects impact
the choice of the weights.

Another direction that we did not consider in the present investigation is of stochastic
sampling, searching for multiple solutions of parameter sets and potentially a global
minimum. In the current investigation we focused on one observable and a minimal change
to the parameters. However, one may apply the same protocol to a large number of
observables (weighted appropriately) and a large number of parameters to be modified in a
substantial way. The feasibility of conducting converged statistical mechanic simulations on
moderately complex molecules makes the present approach attractive.

Finally we comment on the results for the peptide WH5 and their implications. We found
that the helical content was a highly sensitive function of the backbone torsion parameters.
In a way this is good news since the optimization of existing potentials to obtain the correct
helical content is not difficult, provided that the direction of parameter changes is chosen
correctly. Only minute adjustments in the potential parameters are required in order to bring
the system to the correct conformations in equilibrium. Since the changes in the parameters
are small it is likely that other observables will not be affected. A concern is however of
transferability. If indeed such small adjustment in parameters cause such large shift in
helical content, it is likely that transferability to other peptide systems (and proteins) would
be hard to achieve since different peptides may require other small adjustments.

Another interesting observation in the simulation of WHS5 is our inability to reproduce the
melting curve of the peptide. These widely used experimental curves to determine stability
energies and entropies of protein folding are insensitive functions of the parameters at hand.
In fact, we gave up on the optimization since the procedure we use did not seem to make

J Chem Theory Comput. Author manuscript; available in PMC 2014 August 13.
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progress. We stress that our failure is relevant also to single temperature properties since
quantities like entropy are related to the derivatives of the free energy and hence are
incorrect.

The failure of our efforts to produce a potential that correctly predicts the melting curve
discourages us from testing it on other systems. This negative result is supported by other
attempts in the field to understand the unusual stability of short helices and to adjust force
fields to reproduce this experimental observation. Arguments were made in the past that
interactions with charged side chains add to the strong co-operativity of the helix1°. The
current optimization does not include all types of side chains and hence our exploration is
limited. Nevertheless, some coupling of the backbone conformation is observed for the side
chain torsion of tryptophan, supporting general interaction of side chains to backbone.2!

A number of extensions to the standard force field were proposed in the past. First, the water
model (which we held fixed) may be inappropriate for a range of temperatures. Water
models as TIP4P22 and TIP5P23, as well as a polarizable water model24 are of significant
promise since they better describe water properties and water anomalies. An interesting
study was published by Best and Mittal2® that illustrated the complexity of the task. The use
of TIP4P/200528 showed moderate improvement after the peptide potential was re-
parameterized. Hence the peptide parameters are strongly coupled to the water model, which
in most force fields are fitted against TIP3P or a similar model. Second, adjustments to the
backbone torsion potentials were made. The CMAP approach has shown promise and the
progress is encouraging?l: 27. In the CMAP approach a coupling between the (¢,y) dihedral
angles is introduced, taking into account experimentally determined protein structures. This
term is added to the usual Fourier expansion of the torsion energies that considers a torsion
at a time. Another extension was proposed by Sakae and Okamoto28 in which the torsion
energy is made dependent on the amino acid type. The last approach, however, was not
illustrated to improve peptide-melting curves. Third, polarizable force fields?® may also play
a future role, and their evaluation is desired.

Finally we make a cautionary remark. While our results support the designs beyond the
standard force field, they are a conjecture and not a proof. Our sampling of parameter space
is incomplete. The optimization is based on a local minimization in which a nearby optimum
of the target function is searched with a minimal change in the parameter values. The
parameter space is rather smooth (especially compared to the coordinate space) since the
energy dependence on the parameters that we optimize is either linear (torsion) or quadratic
(Lennard Jones). For simple (quadratic) target functions the local minimization is exact.
However, the Boltzmann factor makes the target function more complex and if exploration
of multiple minima is required we will miss it.
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Figure 1.

Evolution of the probability density of the dihedral angles (g, ) for alanine dipeptide. The
graph on the left shows results obtained with the force field OPLS with united atoms; a
propensity to be in helix configuration is indicated by the high-density region in quadrant
I11. The optimization process reduces the amount of structures in the helical configuration
(quadrant 111) to the prescribed value (right).
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Left: Evolution of probability of a-helical configuration as a function of the iteration
number. The target value is achieved in 3 iterations. Right: The distance function ® () as a

function of the iteration number.
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iteration 3

-1/2n

A comparison between a trajectory obtained with the force field OPLSUA (top) and a
trajectory obtained with the last iteration of the modified force field (bottom). Both the
trajectories are 1ns long. The original force field shows frequent transition in and out of the
helical state whose boundaries (as we defined them) are indicated in blue. The molecule
spends ~38% of the time in the helical configuration. The modified force field in the bottom
figure shows fewer transitions to the helical state where the molecule spends ~10% of the

time.
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The probability density of states for alanine dipeptide. In this second test we increased the
target probability of extended chain to 0.9.
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Figure5.
Sampled torsions. In green circles we show the four atoms that are active in a particular

torsion. Sometimes torsion parameters are modeled only according to the central two atoms.
Here we take the broader view and consider torsions with even one of the four atoms
different as distinct.
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Top: A Comparison between the experimental folded fraction (black) and the results
obtained from simulations with the OPLSAA force field (red) and optimized POP force
fields. Down: Distance function ® () as a function of the iteration
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Figure8.

The difference in the coefficients of the torsion potential (&, &, &) of the OPLS-AA and
POP potentials. The differences are small but they cause significant changes in helical
content. Note that all torsions are displayed, which means that torsion types that repeat are
shown more than once. The zero differences are mostly for side chain torsions.
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given configuration defined by its dihedral backbone angles. The top figures show the

probability density calculated at 300K from the potential OPLSAA and from the optimized

potential POP (iteration 4). The lower figure shows the probability density difference

between the two force fields. The probability density is normalized with respect to

integration over the dihedrals ¢ and .
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Figure 10.

The gradient of the target function computed by ensemble averages of two simulations
(different seeds). We plot the correlation between the two gradients in which every element
of the gradient vector is projected onto the axes to obtain the gradient value at each
simulation. The high quality linear correlation suggests convergence.
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Table 1
The POP algorithm

1 Compute © (1)) and V., © (rt;) by MD simulations. If ® (1)) is lower than a threshold e, stop. Otherwise continue to 2.

2 Compute a;

3 Compute the new parameters g

4 Compute O(rtj1).
If © (1tj41) < © (1)) accept the new parameters. Go to 1

If ©(m 1) = O (1)) reject the new parameters, reduce a;and Go to 3
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