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Abstract

We present an improved version of the ABSINTH implicit solvation model and forcefield
paradigm (termed c-ABSINTH) by incorporating a grid-based term that bootstraps against
experimentally derived and computationally optimized conformational statistics for blocked amino
acids. These statistics provide high-resolution descriptions of the intrinsic backbone dihedral angle
preferences for all twenty amino acids. The original ABSINTH model generates Ramachandran
plots that are too shallow in terms of the basin structures and too permissive in terms of dihedral
angle preferences. We bootstrap against the reference optimized landscapes and incorporate
CMAP-like residue-specific terms that help us reproduce the intrinsic dihedral angle preferences
of individual amino acids. These corrections that lead to c-ABSINTH are achieved by balancing
the incorporation of the new residue-specific terms with the accuracies inherent to the original
ABSINTH model. We demonstrate the robustness of c-ABSINTH through a series of examples to
highlight the preservation of accuracies as well as examples that demonstrate the improvements.
Our efforts show how the recent experimentally derived and computationally optimized coil
library landscapes can be used as a touchstone for quantifying errors and making improvements to
molecular mechanics forcefields.

1. INTRODUCTION

Solvent-mediated interactions make substantial contributions to the conformational and
binding equilibria of proteins. In molecular simulations, the effects of solvation can be
treated using either explicit representation of solvent molecules ! or through implicit models
that are based on mean-field descriptions of solvation 2. Implicit models are of considerable
interest because they can enable efficient sampling and simulations of large biomolecular
systems 3. Over the years, several implicit solvation models have been developed and
improved upon 4 to describe solvation effects on conformational and binding equilibria °.
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The conceptual foundations of implicit solvation models rest on a formal thermodynamic
dissection of the solvation process, which is readily described for a rigid solute. Formally,
the free energy of solvation AG,,, for a rigid solute is defined as the change in the

free energy associated with the transfer of the solute from vacuum to the solvent 6. For
biomolecules, the solvent of interest is an aqueous solution with a finite concentration of
solution ions. The free energy of solvation AG,,, can be computed as shown in Equation
(LS

AG., = (AGY — AGY) + (AGa, + AGyy) = AGy + AG g @

Here, the overall free energy solvation is written as the sum of two composite terms: AG, .,
the polar / electrostatic term, is the difference between the charging free energies for the
rigid solute in solvent AGy' versus vacuum AGS, and AG, .. i the nonpolar term that
accounts for mean field estimates of the dispersive, attractive interactions between the solute
and solvent (4G,,,) as well as the free energy cost associated with cavitation (4G..,). In

the Poisson framework, captured via the Poisson-Boltzmann model 7 and an approximation
known as the Generalized Born model 8, computations of polar and nonpolar terms are
decoupled from each other. The main differences between the two approaches center on the
treatment of the polar / electrostatic term and both models can be combined with empirical
approaches for modeling nonpolar interactions °.

An alternative to the Poisson framework was proposed by Lazaridis and Karplus 10,

who introduced an effective energy function (EEF1) method wherein one estimates the
contribution of distinct solvation groups to 4G.,,, by using experimentally measured free
energies of solvation 11 for small molecules as reference free energies. In EEF1 the overall

solvation process is modeled as the sum of a single direct mean-field interaction (DMFI)

term agPMF!

and a screening term AG:e"":
AGsmv = AGDMFI + A G;c;r]:nmg’
7

Here, AG.,, is the free energy of solvation of group 7within the solute. A polyatomic solute
can be thought of as a concatenation of different solvation groups, where each solvation
group corresponds to a chemical moiety. Since solvent can be occluded from sites occupied
by atoms of other solvation groups of the polyatomic solute, the true AG.,, for solvation
group /can be calculated by estimating the degree to which atoms in group 7are occluded
from the solvent.

The ABSINTH implicit solvation model and forcefield paradigm 12, which was introduced
roughly a decade ago, is a generalization of the EEF1 paradigm. This solvation model

is interoperable with standard, non-polarizable molecular mechanics forcefields. Over the
years, the ABSINTH model has been deployed, with considerable success 13, in a variety
of settings. Particular successes have been achieved in modeling of conformationally
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heterogeneous systems such as intrinsically disordered proteins (IDPs) 14, disordered regions
tethered to folded domains 15, and unfolded proteins 16. The ABSINTH model has been
applied in other settings including the modeling of experimental data to fit electron density
maps 17 and simulations of viral proteins 18, systems undergoing order-disorder transitions
19 systems that undergo phase separation 20, transactivation domains of transcription factors
21 disordered tails of microtubule-forming tubulin proteins 22, and nanostructures formed
by oligopeptides 23. Improvements 24 and generalizations 2> have been incorporated into

the model since it was first introduced. A majority of the reported simulation results

deploy the ABSINTH model in conjunction with novel Metropolis-based Monte Carlo
(MMC) sampling methods and enhanced sampling methods 26 that achieve statistical rigor
in sampling 24 27, Recent advances have enabled the use of ABSINTH with torsional
molecular dynamics (TMD) and hybrid TMD-MMC methods 19 28,

In the ABSINTH model 12, each polyatomic solute is parsed into a set of solvation groups.
Each of these groups corresponds to a model compound for which the free energy of
solvation has been experimentally measured. The choice of solvation groups is different
from the EEF1 model. The ABSINTH framework stays anchored to solvation groups

for which data have been experimentally measured. This avoids the parsing of solvation
groups based on empirical dissections of the free energies of solvation 2°. The total solvent-
mediated energy associated with a rigid polyatomic solute that includes the biopolymer and
solution ions is written as:

Eoi =W + Wa+ U+ Uy (3

Here, W)y represents the DMFI and captures the free energy change associated with
transferring the polyatomic solute into a mean field solvent while accounting for the
modulation of the reference free energy of solvation for each solvation group due to
occlusion from the solvent by atoms of the polyatomic solute. This is an intrinsically
many-body effect. Further modulations to the free energy of solvation of the solute due

to screened interactions with charged sites on the polyatomic solute are accounted for by

the W, term, wherein the effects of dielectric inhomogeneities are accounted for without
making explicit assumptions regarding the distance or spatial dependencies of dielectric
saturation. The term (j j is a standard 12-6 Lennard-Jones potential that models the joint
contributions of steric exclusion and London dispersion, whereas Ugqr models specific
torsion and bond angle-dependent stereoelectronic effects that are not captured by the U ;
term. The ABSINTH paradigm has optimal interoperability23: 30 with OPLS-AA/L3! and
the CHARMM family of forcefields 32 because of the parameterization paradigm used

in these forcefields, especially with regard to the assignment of partial charges to sites

on neutral groups. Interoperability of the ABSINTH model with standard non-polarizable
molecular mechanics forcefields requires the strict enforcement of neutral groups framework
for electrostatic interactions, treating long-range electrostatics explicitly without cutoffs or
tapering, reducing the numbers of ad foc torsional potentials, and imposing a standard set of
parameters for Lennard-Jones potentials across all forcefields.
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In the accompanying manuscript 33, we presented experimentally derived and
computationally optimized backbone dihedral angle preferences for all twenty naturally
occurring amino acids. To summarize, we extracted residue-specific distributions of
backbone dihedral angles from high-resolution coil library structures, and determined the
populations of different basins by a gradient-based clustering method. This information
was compared against the population information obtained by spectroscopic measurements
on blocked amino acids, which revealed significant discrepancies. Accordingly, we
optimized the backbone dihedral angle statistics to conform to those of blocked amino
acids. This procedure produces the experimentally derived and computationally optimized
high-resolution landscapes of dihedral angle preferences of blocked amino acids. These
conformational statistics provide experimentally derived touchstones for calibrating the
accuracies of molecular mechanics forcefields. Here, we assess the accuracy of the
ABSINTH paradigm, made to be interoperable with the OPLS-AA/L forcefield, vis-a-vis
the newly established coil-library based landscapes for all twenty amino acids. Based on
mismatches between conformational basins generated using the ABSINTH model and the
experimentally derived touchstone 33, we incorporate residue-specific CMAP-style 52 34
correction terms to the ABSINTH energy function. These terms, which are appropriately
balanced to maintain the known accuracies of the ABSINTH model, lead to an improved
version of ABSINTH that we refer to as c-ABSINTH. We illustrate the utility of the
improvements by assessing the accuracy of c-ABSINTH for a cross-section of problems
including the recapitulation of experimentally measured local conformational equilibria,
preservation of established accuracies, and improved descriptions of homopolypeptides.

2. ASSESSMENT OF THE ABSINTH MODEL VIS-A-VIS THE OPTIMIZED
COIL LIBRARY LANDSCAPE

We assessed the performance of ABSINTH by comparing results from simulations for
blocked amino acids to conformational statistics from the optimized coil library landscapes
for each of the twenty naturally occurring amino acids. These simulations were performed
using the ABSINTH model combined with the OPLS-AA/L parameters as implemented in
the abs3.2_opls.prm parameter set that is part of version 2.0 of the CAMPARI simulation
package (http://campari.sourceforge.net).

In each simulation, the system contains a blocked amino acid enclosed in a spherical
soft-wall droplet of radius 100 A. For charged residues, we introduced a counterion: Na* for
Asp and Glu, and CI™ for Lys and Arg. His was modeled by protonating the e-nitrogen atom.
The simulation temperature was set to 300 K. Each simulation involved 9.8 x 107 steps of
MMC sampling. Information regarding the backbone ¢ and v dihedral angles was gathered
from each simulation once every 2 x 103 steps. For each blocked amino acid, we performed
ten independent simulations and a total of 4.9 x 10° data points were analyzed.

Figure 1 shows the Ramachandran plots for all twenty amino acids. The calculated
ABSINTH-based landscapes, translated as potentials of mean force (PMFs) in terms of

2 and v, are broader and shallower when compared to the optimized coil-library landscapes
33, An important difference between the ABSINTH-derived landscapes and the optimized
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coil library landscapes is the significant population in the o, region of the (¢, y)-space,
which is centered on ¢~ — 150° and y~ — 60°. It is present in the original Ramachandran plots
for Ala 3% that are based on hard-sphere potentials. However, even for potentials based on
purely hard-sphere repulsions, the o, region becomes proscribed due to non-nearest neighbor
steric interactions 36, It is noteworthy though that the «, region is not populated in the
optimized coil library, which should be directly applicable to blocked amino acids. This
suggests that considerations that go beyond steric interactions cause a destabilization of the
ap region for all non-Gly amino acids. The persistence of the o, region in ABSINTH is the
result of smaller van der Waals radii when compared to most standard molecular mechanics
forcefields and the absence of a steric envelope for the backbone polar hydrogen. This
adjustment was necessary to enable the formation of hydrogen-bonded structures such as
regular a-helices, p-sheets, and hairpin turns 30.

3. QUANTIFYING DEVIATIONS AND INCORPORATION OF CORRECTION
TERMS INTO ABSINTH

We quantified the magnitudes of the deviations between the ABSINTH-derived and
optimized coil library landscapes. This was used to develop CMAP-style correction terms
into ABSINTH. Based on the data shown in Figure 1 and the optimized coil library
landscapes 33, we designed amino-acid specific correction terms using the following
approach. For each amino acid, we quantified correction terms for each pixel in the
Ramachandran space as follows:

U.n = kKAPMF; 4

Here, APMF is defined in terms of the PMFs from the optimized coil library landscape
(PMFOCLL) and ABSINTH (PMFABSINTH):

APMF = (PMFOCLL - PMFABSINTH); ®)

The parameter & is a non-negative scaling factor. The determination of kis explained later
in this section. If a pixel is accessible in the ABSINTH-based simulations but the population
is zero or negligible for the corresponding pixel in the optimized coil library landscape, then
the value of Ugqr IS Set to the largest positive value of kAPMF plus 5 47 to inhibit access

to the pixel in question. Conversely, if a pixel is not accessible in the ABSINTH-based
simulation, but density within the pixel is non-zero for the coil library landscape, then the
correction term is set to the largest negative value of kAPMF. If both the ABSINTH and
target populations have no data for a specific pixel, we set the correction term to zero.

For each residue type, the prescription above discretizes the values of Uy, across the
pixels. In order to obtain a continuous surface from the discrete set of correction values,

we employed a non-interpolating cardinal B-spline. This approach is based on piecewise
polynomial functions that are generally used for approximation and graphic design 37. It
uses a linear combination of polynomials, whose ranges depend on the locations of the data
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points (known as krots) and whose values depend on the given values at the knots (known as
control points).

For a given sequence of knots {u.};_, with constant separation &u = u, — u,_,, a cardinal
B-spline of zeroth order, denoted as B(¢, y), is defined as follows:

0 1, if ¢ € [u,u,)and y € [u;, u;,,)
Bi($.w) = . > ©
0, if ¢ €& [u,u,)oryg [Uj, uj+l)
A cardinal B-spline of order m, denoted B;j(¢, ), is defined recursively as:
Bibw = Y CUOCWBL b w); @
s,t=0,1
In Equation (7):
m _ e_uk—l m _ uk+m_e .
o) = (im0 = () ®
The spline curve of order /7 for a given set of control points {U,;} has the form:
N
b w)= Y, U,BJ(d,w); ©

ij=1

In the current work, the knots are on the (¢, w)-space, and we set Au = 2.5° and N/ = 144.
We assumed that the discrete values are the values at the center of each bin. Accordingly,

t= —180° + 2 = —178.75° and u,, = 180° — % = 178.75A. Note that higher values for /7

“dilute” original values of control points by using more control points.

For the incorporation of residue-specific correction terms into ABSINTH, we have two
parameters to tune, vz, the order of B-spline /mand the global scaling factor & We
performed a series of ABSINTH simulations for blocked amino acids with various
combinations of mand k; and for each combination of mand &, we generated PMFs for

all twenty amino acids from the simulation results. The number of MMC steps was reduced
to 107 and we performed ten independent simulations for each combination of mand 4. All
other settings were identical to those for unmodified ABSINTH simulations. We quantified
the performance of the parameter combinations in terms of an average absolute error from
the target population. The combination of /7= 2 and &= 0.6 generates PMFs that are most
similar to the target coil library landscapes (Figure 2a). We also tested other measures for
performance, such as root-mean-squared errors and correlation coefficients, and they too
showed similar results (Supplementary Figure S1). It should be noted that the choice of m
= 2 yields the most optimal results and it provides the most conservative surface among the
values of mthat generate a smooth surface (/m > 1). Hence, we set m= 2, to avoid losing
accuracy associated with original values for the control points.
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Our goal was to refine and / or improve ABSINTH to obtain better agreement with

the optimized coil library landscapes while preserving the established accuracies of this
solvation model and forcefield paradigm. The optimized coil library landscape was achieved,
in part, by a diminution of the right-handed alpha-helical basin designated as . This is

a valid adjustment for blocked amino acids since a regular o-helix requires a minimum

of three consecutive (¢, y) pairs being in the oy basin. However, our incorporation of

the Ugorr term is likely to weight the overall forcefield too strongly toward the intrinsic
conformational preferences of amino acids. We tested for this possibility by simulating

the temperature-dependent helix-to-coil transitions of the FS peptide 38, whose sequence

is N-acetyl-A5(AAARA)3-N’-methylamide. The FS peptide is a useful target for forcefield
calibration and optimization 3°. It was used as a test case in the original development of the
ABSINTH model and for generalizing the Lifson-Roig theory for helix-coil transitions 1°.

We performed simulations of the FS peptide in a soft-wall spherical droplet of radius 45

A with neutralizing counterions and an excess of ~15 mM NaCl background. The solute
ions were modeled explicitly using the optimized parameters of Mao and Pappu 40. The
initial structure of the FS peptide was generated at random and each simulation consisted of
107 MMC steps. Data were collected for analysis once every 5 x 103 steps after discarding
the first 2.5 x 10 steps of simulation data. We performed simulations at eleven different
temperatures ranging from 200 K to 400 K with a spacing of 20 K. We employed thermal
replica exchange 4! to enhance the sampling at each temperature. We calculated the root-
mean-squared distance to the canonical a-helix as an order parameter for folding.

As shown in Figure 2b, simulations that use a corrected ABSINTH model with 4= 0.6 fail
to recover a two-state melting curve for the FS peptide. This is because the correction term
over-stabilizes extended p-strand conformations at low temperatures. However, by down
weighting the correction term, which is achieved by setting A= 0.5, we reproduce the correct
melting curve for the FS peptide (Figure 2b). In fact, for k= 0.5, the melting temperature
from simulations is in close agreement with the experimentally derived value of ~ 303 K 42,

Figure 3 shows the PMFs for blocked alanine and compares the original ABSINTH with
different values of . Figure 3a shows the original ABSINTH result (k= 0.0), while Figures
3b and 3c show the results from corrected ABSINTH simulations with k= 0.5 and &=

0.6, respectively. Although k= 0.6 produces a PMF that is most similar to the optimized
landscape population, we find that A= 0.5 also has a strong bias toward the target population
in the coil library landscape (see Figure 2a and Supplementary Figure S1). Importantly, the
ap region is absent from the PMFs obtained using both versions of corrected ABSINTH
model. Given the preservation of the helix-to-coil transition of the FS peptide with m =2
and A= 0.5, we assigned this model to be the new corrected ABSINTH or c-ABSINTH
model. Here, the ¢ stands for coil library-based and CMAP-like. One could argue that we
used one set of data points, viz., temperature-dependent helix-to-coil transitions of the FS
peptide and that our parameterization might be overly sensitive to this choice. However, it
is worth emphasizing that the choice of the FS peptide was governed exclusively by the
diminution of the alpha-helical basin in the coil library landscape. Using the FS peptide
system, we were able to balance the incorporation of intrinsic conformational preferences
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while ensuring the emergence of sequence-specific secondary structure preferences. A range
of parameters in the vicinity of m= 2 and &= 0.5 would work equally well, although there
is a sharp change when kapproaches 0.6. This might raise concerns about the robustness of
basing the c-ABSINTH model on the choice of m=2 and k= 0.5, but as shown below, the
specific parameter choice for the incorporation of residue-specific terms into Uggr proves

to be robust across a range of problems that were not used in the parameterization of
C-ABSINTH.

Figure 4 shows the PMFs generated using the new c-ABSINTH model for each of the
twenty naturally occurring amino acids modeled as blocked amino acids. We did not refine
the parameters for Pro (/.e., Uy = 0 for all ¢ and ) because these were worked upon
extensively in previous work 24, PMFs generated using c-ABSINTH deviate minimally from
the optimized coil library PMFs (mean absolute error of three major basin populations =
3.56%, see Supplementary Figures S2 and S3). For each amino acid, we compared the
populations of different basins between the original ABSINTH and c-ABSINTH simulations
(Figure 5). This analysis follows the basin analysis method described in the accompanying
manuscript 33, The c-ABSINTH model diminishes the population in the oy basin and
eliminates population of the o, basin. As a result, there is a higher population in the g

and Py, basins when compared to the PMFs based on the unmodified ABSINTH. It should
be emphasized at this juncture that the distributions of sidechain dihedral angles x, and y, are
essentially unchanged with the c-ABSINTH correction term (Supplementary Figures S4 and
S5).

We also calculated the scalar coupling constants, 3Hy,H,), using results from the original
ABSINTH and the c-ABSINTH models and compared these to experimental data for
blocked amino acids. As shown in Figure 6, c-ABSINTH shows better agreement with the
experimental data. This is quantified in terms of a higher Pearson correlation coefficient
and reduction of the systematically higher values for the coupling constants. Overall,

by bootstrapping against the coil library landscape and using a CMAP-like strategy, we
were able to incorporate a suitable correction term for backbone conformational statistics.
Importantly, we balanced the incorporation of the correction term with maintenance of
features that were accurate in the original ABSINTH model and are not part of the intrinsic
preferences manifest in the coil library landscape.

4. TRANSFERABILITY OF c-ABSINTH CORRECTIONS FOR PEPTIDES
THAT ARE USED AS MODELS OF RANDOM COILS

We tested the accuracy of c-ABSINTH for larger systems that have served as experimental
touchstones for canonical random coils. The peptides of interest were Acetyl-(Gly),-Xaa-
(Gly),-NH,, where Xaa is the one of the eighteen residues excluding Gly and Pro. In all

of the simulations of these systems, the initial structure for the peptide of interest was
randomly generated, and the peptide was encapsulated in a soft-wall spherical shell of radius
100 A. For each system, we performed twenty independent MC simulations, setting the
simulation temperature to be 300 K. Of the twenty simulations, ten were based on the
original ABSINTH model and the other ten used the c-ABSINTH model. The c-ABSINTH
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simulations differ from the original ABSINTH model only for the Ugqr term where c-
ABSINTH uses the new CMAP-like corrections. Each simulation consists of 10/ MMC
steps, and data were accumulated once every 5 x 103 steps. We converted the computed
dihedral angle data into scalar coupling constants 3AHp,H.) as before to compare with
experimentally measured values 3, and found that c-ABSINTH provides better agreement
with the experimental data (Supplementary Figure S6).

We also simulated two oligo-alanine peptides, (Ala)s and (Ala)7 for which accurate NMR
J-coupling data are available?4. We performed 20 independent simulations each starting
with randomly generated initial structures. Each peptide is then situated in a soft-wall
spherical droplet with radius 100 A. Each simulation consists of 107 steps, and the first

5 x 10° steps were discarded. The atomic coordinates were registered every 5 x 103

steps. We converted the dihedral angle information into two different types of scalar
coupling constants, 3{Hy,H.) and 2AC,,N) by using the Karplus equation and the optimized
parameters determined by Hu and Bax 4°. For 24C,,N) calculations we used the parameters
of Ding and Gronenborn 46. We compared the simulation results with the experimentally
determined values (Supplementary Figure S7a-S7d). For (Ala)s, mean errors of SA{Hy,H.)
values are 1.70 Hz (ABS) and 0.56 Hz (c-ABS), and mean errors of 24C,,N) values are
-0.41 Hz (ABS) and —0.15 Hz (c-ABS). For (Ala)7, mean errors of 3JHy,H.,) values are
1.55 Hz (ABS) and 0.48 Hz (c-ABS), and mean errors of 24C,,N) values are —0.40 Hz
(ABS) and —0.06 Hz (c-ABS). Taken together, we conclude that the better performance of
c-ABSINTH on dihedral angle distributions is transferable to short peptides.

The issue of transferability was further investigated via simulations on a-synuclein, which

is an archetypal intrinsically disordered protein. We performed separate sets of simulations
using ABSINTH and c-ABSINTH. For each model, we performed ten separate replica
exchange simulations and for each replica exchange simulation we deployed 26 different
simulation temperatures from 200 to 450 K. The salt conditions mimicked 20 mM NacCl
solution with electroneutrality. The initial structure was randomly generated and was located
in a spherical droplet with radius of 100 A. Each replica exchange simulation consists of 5 x
108 steps per replica for a total of 1.3 x 108 per simulation. Information regarding the atomic
coordinates was stored every 5 x 103 steps. The first half of simulation data for each of the
replicas was discarded as part of the equilibration process.

We analyzed the simulated ensembles at 300 K, and calculated scalar coupling constants
3JHn,H.), 24C..N) and 1XC,,N) using the Karplus equation and the parameters of Hu and
Bax parameterization 4° as well as Ding and Gronenborn 46, Then we compared these to
the experimental data of Mantsyzov et al. 47 . Overall, c-ABSINTH yields predictions for
coupling constants that are more consistent with experiment than the original ABSINTH
model (Supplementary Figure S7e-S7g). For 3AHp,H.), mean errors are 0.52 Hz (ABS)
and 0.21 Hz (c-ABS). For 24C,,N), the mean errors are —0.32 Hz (ABS) and 0.00

Hz (c-ABS). Finally for 1AC,,N), the mean errors are —0.71 Hz (ABS) and —0.11 Hz
(c-ABS). Diminution of mean errors for each of the three distinct scalar coupling constants
indicates that simulations based on c-ABSINTH lead to a systematic reduction of the errors
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encountered using the original ABSINTH model, even for much longer coil-like peptides
than blocked amino acids.

5. PERFORMANCE OF c-ABSINTH IN MAINTAINING THE STABILITY OF
PEPTIDES WITH WELL FOLDED STRUCTURES

Next, we tested c-ABSINTH for its ability to preserve the known folds of model peptides
and small proteins. These tests were performed using ten independent sets of replica
exchange simulations. Each set consists of 26 different temperatures ranging from 200 K

to 450 K with equal spacing of 10 K. In all, each simulation, for each of the systems consists
of 10 MMC steps. Data were accumulated once every 5 x 103 steps and the first 2.5 x

106 steps were discarded. For each system, we performed simulations using the original
ABSINTH and the new c-ABSINTH models.

The 35-residue fragment of the chicken villin headpiece (HP35) is a fragment of an a-helical
protein 48. This system has served as an important calibration for forcefields and as a model
system for modeling reversible folding in molecular simulations 1 49, We used this system to
test the differences — if any — between the original ABSINTH and the new c-ABSINTH in
thermal unfolding simulations. The peptide was enclosed in a spherical droplet using a soft-
wall potential and the droplet radius was set to 45 A. Solution ions mimicking 15 mM NaCl
concentration were included while maintaining electroneutrality. The starting structure for
all simulations was based on coordinates derived from the crystal structure (PDB ID 1YRF)
from the protein data bank. This structure was equilibrated to match the fixed bonds and
angles used in the ABSINTH model. All of the simulations were initiated from a common
starting structure, albeit with different random seeds. To test for the convergence of the
simulation results, a particular concern given the choice of a common starting structure for
all simulations, we monitored root mean square deviation (RMSD) and overall ABSINTH
energy values as a function of the MC step number. Both quantities reach steady state values
after ~108 MC steps and this is true for each of the simulation temperatures (Supplementary
Figure S8). Trajectories for low-temperatures show an initial spike and a subsequent decline
of the RMSD value, indicating that the system is first relaxed and then slowly converges to
the equilibrated structure ensemble.

Figure 7 shows the unfolding curves from original ABSINTH and c-ABSINTH simulations.
The two models generate similar thermal unfolding profiles for HP35. This is illustrated in
terms of the backbone RMSD with respect to the folded structure of HP35 equilibrated at
200 K (Figure 7a) and the loss of secondary structure as a function of temperature (Figure
7¢). The secondary structure contents were calculated using the DSSP algorithm 59, which
allows us to follow the changes to the helical (DSSP-H) and beta sheet / strand (DSSP-E)
contents. The two models predict similar trends for the temperature dependent decreases of
a-helical and g-sheet contents.

We also studied thermal unfolding of the N-terminal domain of the L9 ribosomal protein
(NTL9). This 56-residue protein has a mixed a-p structure and is known to fold / unfold
via an apparent two-state mechanism 3. We performed simulations of NTL9 by enclosing
the protein in a soft-wall spherical droplet of radius 45 A with the neutralizing counterions
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in a 25 mM NaCl background. The initial structure for the simulations was based on

the crystal structure (PDB ID 2HBB) from the protein data bank. We investigated the
melting curve (Figure 7b, see also Supplementary Figure S9) by following the backbone
RMSD of the core region (residues 1-42) referenced to the equilibrated folded structure of
NTL9 at a simulation temperature of 200 K. The simulation results based on ABSINTH
and c-ABSINTH generate similar melting curves. Larger fluctuations around the folded
state generated using c-ABSINTH appear to derive from abrogation of the non-physical

ap region from c-ABSINTH. The a-helical and p-sheet contents, calculated using DSSP,
show similar trends between the forcefields, although there is a minor increase in the
regular p-sheet content (/.e., the DSSP-E score) with c-ABSINTH (Figure 7d). Overall,

the thermal unfolding profiles for HP35 and NTL9 suggest that the intrinsic stability of
ABSINTH is maintained with the incorporation of CMAP-like corrections into c-ABSINTH.
The incorporation of local correction terms, which are based on experimentally derived and
computationally optimized coil library landscapes, does not force destabilization of folded
domains under folding conditions.

6. PERFORMANCE OF c-ABSINTH FOR MODELING THE REVERSIBLE
FOLDING OF A MODEL PEPTIDE

A network of interactions involving a cluster of Trp residues stabilizes the folded state of the
tryptophan zipper peptide 2. This has served as a helpful model system for calibrating the
accuracies of molecular mechanics forcefields because of the interplay between backbone
topology and sidechain interactions that are required to fold / unfold this system. Moreover,
since we tuned c-ABSINTH to reproduce correct helical propensity of the FS peptide, it was
important to ensure that the tuning did not weaken the ability to form p-sheeted structures.
Of the different tryptophan zippers, we chose the g-hairpin peptide SWTWEGNKWTWK-
NH, based on the crystal structure (PDB ID 1LEQ) from the protein data bank. We
performed simulations of unfolding, starting from the PDB coordinates, and folding, starting
from randomly generated conformations, in a soft-wall spherical droplet of radius 45 A with
the neutralizing counterions in a 20 mM NaCl background. Figure 8a shows the “folding”
and “unfolding” curves from both models in terms of the backbone RMSD with respect

to the equilibrated structure at the lowest MC temperature (see also Supplementary Figure
S10). Both models capture the correct melting curves, regardless of choice of the initial
structure, even though the unmodified ABSINTH model provides larger RMSDs for folded
states. Indeed, investigation of a-helical and p-sheet contents (Figures 8c and 8e) reveals
that while c-ABSINTH predicts no helical structures for the whole temperature range and
some B structures for low temperatures, the original ABSINTH predicts the formation of «
helix and loss of p structure for the low temperature range (< 250 K). This is presumably
the source of the large RMSD values. Importantly, the data show that c-ABSINTH performs
reversible folding and unfolding of a tryptophan zipper peptide with minimal hysteresis.
Therefore, it appears that the use of melting curves for the FS peptide as a restraint on the
parameterization of c-ABSINTH does not compromise the ability to reversibly fold / unfold
a purely p-sheeted system. In this regard, it is also worth noting that c-ABSINTH is an
improvement over the original ABSINTH model in terms of preserving the native hairpin
structure of the tryptophan zipper under folding conditions.
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We also assessed the accuracy of c-ABSINTH by performing simulations of another
prototypical p structure, namely the C-terminal domain of the GB1 hairpin. We used the
16-residue sequence GEWTYDDATKTFTVTE and extracted the native structure from the
NMR structure of the full-length GB1 protein (PDB ID 1GB1) from the protein data bank.
While the tryptophan zipper has a glycine residue in its turn, the GB1 peptide has a lysine
residue in the corresponding position, and consequently the effect of c-ABSINTH correction
may be shown more clearly. We performed unfolding and folding simulations with both
original ABSINTH and c-ABSINTH in the similar simulation conditions as above. The
general trends for unfolding simulations hold here; c-ABSINTH leads to smaller RMSDs
for folded states when compared to ABSINTH (Figure 8b). Also, c-ABSINTH predicts
negligible o-helical contents and significant g-sheet contents, while ABSINTH predicts

the opposite (Figures 8d and 8f). However, we observe hysteresis when comparing the
folding vs. unfolding traces. On the refolding arm, the simulations based on c-ABSINTH
converge on an alternate native state with high p-sheet content (Figure 8b, red curve). This
metastable state is higher in energy than the native p-sheeted structure (Supplementary
Figure S11). Clearly, the barrier between the near-native metastable state and the stable
native state proves to be formidable to overcome using the amount sampling deployed here.
The combination of improved move sets and enhancements using biased sampling methods
should help in overcoming sampling bottlenecks due to metastable states. However, the
hysteretic behavior and being trapped in the metastable state is not due to errors within the
preferred ground states encoded by the c-ABSINTH energy function.

7. COMPARATIVE ASSESSMENTS OF THE COIL-TO-GLOBULE
TRANSITIONS FOR DIFFERENT HOMOPOLYPEPTIDES

There is growing interest in low complexity sequences that are also intrinsically disordered
202 The ultimate low complexity sequences are homopolypeptides. Modeling intrinsically
disordered homopolypeptides is challenging because it raises the bar on the ability of a
forcefield to capture, with accuracy, the interplay between intra-chain and chain-solvent
interactions without relying on serendipitous cancelation of errors.

We compared the profiles obtained using ABSINTH and c-ABSINTH for coil-to-globule
transitions as a function of decreasing temperature for poly-GIn, poly-Asn, poly-Ser and
poly-Gly. We investigated homopolypeptides with different chain lengths (7= 10-50), except
for poly-Ser, where we employed an eicosamer (Syp). A single peptide of interest was

placed in a soft-wall spherical cell of radius 150 A, and its starting structure was randomly
generated. As before, we employed ten independent sets of replica exchange simulations.
Each set consists of 26 different temperatures with equal spacing of 10 K (temperature
ranges vary with systems), and each simulation consists of 5 x 108 MMC steps per replica.
Data were collected once every 5 x 103 steps while the first 1 x 10° steps were discarded.

Fluorescence correlation spectroscopy (FCS) experiments showed that poly-GIn molecules
form globules in aqueous solutions at room temperature 3. This was inferred from the
scaling of translational diffusion times as a function of poly-GIn length. For poly-Gln,
destabilizing the o, region leads to a destabilization of the collapse of poly-Gln as reflected
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in the lower density of the globules (higher /&) in the collapse regime, narrower temperature
range for the persistence of globules, and a downshift in the apparent theta temperature
(Figure 9; see also Supplementary Figures S12 and S13). These observations are in
improved accord with experiments, which suggest that the room temperature ensembles are
in better agreement with ABSINTH ensembles of ~330 K implying the need for a downshift
of ~30 K in the theta temperature for poly-GIn 142, The properties of poly-Ser and poly-Asn
remain unclear, although tentative evidence suggests that Ser-rich and Asn-rich sequences
may prefer more expanded coil-like ensembles at room temperature 14d: 14 |n fact,
published data and unpublished accounts suggest that Asn-rich sequences are fundamentally
different from GIn-rich sequences 14f 54 The former are expected to be considerably

more expanded, forming coil-like ensembles at room temperature, and promoting the
formation of regular beta-sheeted structures in contrast to poly-Gln and GlIn-rich sequences
54-55, The collapse transition is significantly destabilized for poly-Asn (Figure 9; see also
Supplementary Figures S12 and S13) and this behavior seems to be in better agreement
with extant experimental data when compared to the results generated using the uncorrected
ABSINTH model. The key observation is that at room temperature, poly-Asn samples

more expanded, coil-like ensembles in c-ABSINTH when compared to the collapsed
conformations observed using ABSINTH. DSSP analysis (Supplementary Figures S14 and
S15) shows that while original ABSINTH generates similar DSSP patterns for poly-Asn
and poly-GlIn (small amount of both a and g contents), c-ABSINTH distinguishes the two
systems, by showing that poly-Asn does not sample a-helical structures at all whereas

there is a discernible preference for poly-Gin to form short stretches of a-helices. These
observations are concordant with published NMR data for poly-GIn stretches within the
exon 1 encoded region of huntingtin 14!,

For poly-Ser (Syg), simulations based on the original ABSINTH model show a pathological
preference for forming regular o-helical rods at room temperature (Figure 10a, blue curve).
To the best of our knowledge, there is no evidence to support this observation and it
highlights the amplification of errors that can occur in simulations of homopolypeptides.
Although definitive experiments regarding poly-Ser are lacking, the data on Ser-rich
sequences suggest that these sequences form expanded, coil-like ensembles 8. This feature
is thought to be due in part to the high intrinsic local preference for polyproline Il
conformations that is combined with the short methanol sidechain and hydrogen bond donor
moiety. The anomalous helicity of poly-Ser is eliminated in the c-ABSINTH data (Figure
10a, red curve). Further, the coil-to-globule transition points as quantified by radius of
gyration (Figure 10b) and heat capacity (Figure 10c) curves show that c-ABSINTH predicts
expanded, coil-like ensembles for poly-Ser at room temperature and beyond. This behavior
of poly-Ser appears to be in accord with the observations for Ser-rich sequences and their
prevalence in IDPs.

Poly-Gly presents an interesting and unusually challenging problem for simulations. This
is partly due to continued equivocation about whether or not water, at 25°C and 1 atm,

is truly a poor solvent for polypeptide backbones thus driving poly-Gly to forms compact
globules. Poly-Gly is among the least soluble homopolypeptides 7. Simulations based on
the OPLS-AA/L forcefield and the TIP3P water model show that poly-Gly forms globules
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in water at 298 K 57-58, FCS experiments, performed in ultra-dilute solutions, show that
the scaling of translational diffusion times, a useful proxy for the scaling of hydrodynamic
sizes, consistent with that poly-Gly molecules forming heterogeneous ensembles of globular
conformations in aqueous solvents at room temperature /. These experiments also show
that the intrinsic collapse of poly-Gly is not readily overridden in either 8 M urea or 7 M
GdmCI 2. In simulations based on the OPLS-AA/L forcefield, interruptions of Gly-rich
sequences by polar and charged residues readily destabilize the preference for collapsed
conformations 202 57. 59 QOne might argue that observations for poly-Gly based on the
OPLS-AA/L forcefield might be artefacts of the over-compaction that appears to be an
anomalous feature of this forcefield 8. Interestingly, Pettitt and coworkers have reported
poly-Gly compaction 62, albeit with different stabilities, using the Charmm22, Charmm27,
and AMBER ff12sb forcefields 52. The preference for globules over expanded, rod-like
conformations is thought to be the result of favorable enthalpic interactions among networks
of CO dipoles rather than hydrogen bonding 612 63, Merlino et a/. 54 have proposed that
the collapse of poly-Gly might be the result of low solvent excluded volume in globules
that is offset by the gain in translational entropy of the solvent. Teufel et a/5% used FCS
measurements to assess the translational diffusion coefficients of a series of peptides and
proteins in aqueous buffers and in 8 M GdmCI. For G, they converted the translational
diffusion coefficients to hydrodynamic radii (/) and obtained values of 1.04 nm and 1.18
nm, respectively in buffer vs. 8 M GdmCI for /. Based on these measurements, Teufel

et al. % proposed that collapse in aqueous solutions is an intrinsic property of polypeptide
backbones.

How do ABSINTH and c-ABSINTH simulations perform in terms of predicting the
dimensions of poly-Gly molecules? Simulations based on the refined c-ABSINTH model
show that poly-Gly forms more semi-compact conformations that lie in the transition
regime between globules and random coils at room temperatures (Figure 11; see also
Supplementary Figure S16). Although this behavior seems like an improvement over

the original ABSINTH model, assessments of precision will require more unequivocal
adjudications from experiments. We used HullRad, a method developed by Fleming and
Fleming @ to estimate &, from the simulated ensembles. The temperature dependencies of
the calculated A} values obtained using ABSINTH and c-ABSINTH for Gy are shown in
Figure 11a. The c-ABSINTH estimate for A} at 300 K is 9.2 A or 0.92 nm, which is on

a par with the estimates made by Teufel et a/. for Gy based on their FCS measurements

65, while original ABSINTH predicts A}, of 9.9 A at 300 K. We also calculated the ratio

of Ry to /. For globules, modeled as monodisperse spheres, the ratio of &y to /7, would

be 0.77. In a theta solvent, for a perfect Gaussian chain, the ratio would be unity and for
self-avoiding walks, the ratio would be approximately 1.3. At 300 K, the ratio of 7, to /&,
is 0.95 and 1.00 for the c-ABSINTH and original ABSINTH models, respectively (Figure
11b). The new results appear to be more consistent with the hydrodynamic measurements
of Teufel er al%° Detailed investigations are necessary to work out the precise interpretation
of the scaling behavior that has emerged from hydrodynamic measurements. Unfortunately,
the extreme insolubility of poly-Gly ®7 makes it difficult to use small angle X-ray scattering
to assess Ay values. However, novel experiments that combine direct measurements of A,
with multiple inter-residue distance measurements might provide a way to overcome the
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difficulties of obtaining non-hydrodynamic assessments of poly-Gly size as a function of
temperature. Pending these measurements, and a clear adjudication of the poly-Gly collapse
issue, we choose not to pursue any further refinements to c-ABSINTH.

8. DISCUSSION AND CONCLUSIONS

In this work, we show that the ABSINTH model can be improved upon by using information
from the optimized coil library landscapes for blocked amino acids 33. We achieved this
using a CMAP-like correction term and pursued a balanced approach that leads to the

new c-ABSINTH model. The addition of residue-specific CMAP-like correction terms

does not materially increase the computational cost associated with simulations based on
c-ABSINTH versus the original ABSINTH. This is important because the computational
efficiency of ABSINTH-based simulations has been significant in enabling high-throughput
assessments of sequence-to-conformational relationships of IDPs 59 67, The residue-specific
correction terms in c-ABSINTH help us reproduce quantitative features of optimized coil
library landscapes while also preserving the reversible foldability of a model a-helix forming
system.

Overall, the refinements that lead to c-ABSINTH preserve the ability to maintain stable
folded forms of a-helical and o/p folds and enable the reversible folding of a model p-hairpin
peptide in a manner that improves upon the original ABSINTH model. Further, the CMAP
terms do not compromise the stability of p-hairpins with non-Gly residues occupying the o,
basin. We also tested the c-ABSINTH model on a set of homopolypeptides. The simulations
are in accord with extant experimental data for poly-Gln and recapitulate known trends

for Asn-rich sequences. The c-ABSINTH model predicts absence of secondary structure
preferences and coil-like ensembles for poly-Ser.

The corrections in c-ABSINTH prove inadequate to generate collapsed globular ensembles
for poly-Gly at room temperatures. However, as noted in the previous section, the verdict
on poly-Gly is not yet unequivocal. Irrespective of the final verdict, it is worth noting

that poly-Gly presents a unique challenge for mean field models such as ABSINTH and
c-ABSINTH. Specifically, context-dependent solvation effects, which refer to modulations
of the intrinsic reference free energies of solvation for Gly residues in poly-Gly 68 might
need to be incorporated to account for the experimental observations. Preliminary results
suggest that this is an appropriate empirical route to pursue 59. It is also possible that

the long lifetimes of hydrogen bonds © and / or interactions involving CO dipoles might
contribute to anomalies in hydrodynamic measurements. These issues need to be resolved
before setting an experimentally derived touchstone for the behavior of poly-Gly in water.

Recent attention has focused on the so-called over-collapse of IDPs, particularly in
simulations with explicit representation of solvent molecules 59 71, Various remedies have
been prescribed to overcome this problem 72. It is noteworthy, however, that with a few
exceptions €0, the over-collapse has not been an issue for the ABSINTH implicit solvation
model and forcefield paradigm °6. This is mainly because the energy scales for solvation-
desolvation processes are set up in ABSINTH by bootstrapping the reference free energies
of solvation of sidechain and backbone moieties to that of the homologous model compound
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data that are derived directly from experimental measurements. As shown in all of the
simulations reported here, the introduction of CMAP-like corrections into c-ABSINTH does
not promote over-collapse. If anything, the collapse transition is weakened in a manner that
is more consistent with experimental data.

Homopolypeptides provide a challenge for atomistic simulations based on molecular
mechanics forcefields because one cannot rely on fortuitous cancelation of errors in

the description of interactions that can arise as the result of sequence heterogeneity in
heteropolymeric sequences. Instead, the forcefield has to include an appropriate balancing
of terms that yields the correct emergent properties as a function of homopolypeptide
length. Further, our investigations of archetypal homopolypeptides based on c-ABSINTH
suggest that there is more to the coil-to-globule transitions of IDPs and low complexity
domains than just their charge contents as has been proposed by extrapolations from
findings based on Gln-rich sequences and a small number of polar tracts 67: 73, The
sidechain-specific nuances appear to become more obvious with c-ABSINTH than with the
original ABSINTH model. For example, there is a clearer distinction between GIn and Asn
in poly-GIn versus poly-Asn, respectively in simulations based on c-ABSINTH compared to
the original ABSINTH model. Similarly, the purported preference of poly-Ser for significant
conformational heterogeneity is realized with c-ABSINTH as opposed to the original
ABSINTH model. Therefore, investigating the nuances of specific polar sidechains, which
we plan to probe using a combination of high-throughput c-ABSINTH based simulations
and experiments directed at a range of IDPs enriched polar residues and deficient in charges,
will likely help in arriving at a more accurate description of the diagram-of-states for IDPs
than the purely charge-content based ones 67: 73, Additionally, a systematic assessment of
c-ABSINTH versus ABSINTH for all problems / systems studied to date is also in the
offing. Preliminary assessments suggest that these head-to-head comparisons might require
at least two additional improvements, namely the incorporation of local sequence context
dependent modulations to the reference free energies of solvation for model compounds and
the inclusion of move sets that enable charge regulation whereby the protonation states of
ionizable groups change in the simulation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure1l: ABSINTH PMF landscapesfor all 20 naturally occurring amino acids.
The color bar annotating the landscapes in units of A7 is shown at the top. Each panel shows

a PMF of a blocked amino acid labeled at the upper right corner. Red labels indicate acidic
amino acids, and blue labels indicate basic ones. The different amino acids are grouped
according to their stereochemistry (dotted lines). For histidine, we employed the e-nitrogen
protonated form (HIE).
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Figure 2: Effects of the spline degree m and global scaling factor k.
(a) Average absolute errors between corrected ABSINTH and target populations, averaged

over all residue types. Different colors indicate the errors averaged over different amino
acids (see color bar). (b) Folding curves of the FS-peptide generated by corrected ABSINTH
with several kvalues from 0.3 to 0.6. The abscissa shows simulation temperatures, and the
ordinate shows the root-mean-squared distance (RMSD) to the canonical o helix.
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Figure 3: PMFsfor alanine dipeptide simulations obtained using different versions of ABSINTH
parameters.
(a) Original ABSINTH. We randomly picked 50,000 data points among 490,000 points to

use the same population size with other simulations. (b) Corrected ABSINTH with /m =2
and A= 0.5. (c) Corrected ABSINTH with m=2 and k= 0.6.
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Figure4: c-ABSINTH PMF landscapesfor all 20 naturally occurring amino acids.
The color bar annotating the landscapes in units of A7 is shown at the top. Each panel shows

a PMF of a blocked amino acid labeled at the upper right corner. Red labels indicate acidic
amino acids, and blue labels indicate basic ones. The different amino acids are grouped
according to their stereochemistry (dotted lines). For histidine, we employed the e-nitrogen
protonated form.
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Figure 5: Relative populations of three major basins (8, PI1, and aR) and an unphysical oP
basin from original ABSINTH (ABS) and c-ABSINTH (c-ABS) simulationsfor 18 amino acids

except glycineand proline.

ABSINTH simulations for glutamate (E) show a single merged basin for g and Py, (shown in

blue), and another merged basin for o and o, (shown in yellow).
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values from the simulation data using the Karplus equation (Jcg|o)-

Blue crosses indicate the data from original ABSINTH simulations, and red crosses indicate

those from c-ABSINTH simulations.
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Figure 8: Resultsfrom original ABSINTH (ABS) and c-ABSINTH (c-ABS) ssimulations on
tryptophan zipper and GB1 peptide systems.

Folding and unfolding curves of (a) the tryptophan zipper and (b) the GB1 peptide system,
generated by ABS and c-ABS simulations. The ordinate shows backbone RMSD with
respect to the equilibrated structure at 200 K. (c, d) The o and (g, f) the p contents of
tryptophan zipper and GB1 peptide systems in ABS and c-ABS simulations, respectively
quantified by average H and E scores from DSSP analysis (ordinate). Error bars are omitted
for clarity.
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Figure 9: Normalized mean squared radii of gyration of poly-GIn (Qn) and poly-Asn (Nn) chains
with different lengths (top legend) as a function of simulation temperature.
Results from ABSINTH simulations for Q,, chains (a) and N, chains (b). (c) Results from

¢-ABSINTH simulations for Q, chains (c) and N, chains (d). Error bars are omitted for
clarity.
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Figure 10: Original ABSINTH (ABS) and c-ABSINTH (c-ABS) simulations on a poly-Ser (Spq)
chain.

(a) The « and p contents of a Syg peptide quantified by average H and E scores from

DSSP analysis, from ABS and c-ABS simulations. (b) The radii of gyration and (c) the heat
capacities of a Syg peptide as a function of simulation temperature. Error bars are omitted for
clarity.
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Figure 11: Chain dimensions of a poly-Gly (Gog) chain from original ABSINTH (ABS) and

c-ABSINTH (c-ABS) simulations.

(a) The hydrodynamic radii and (b) the ratios of the radius of gyration to the hydrodynamic

radius. Error bars are omitted for clarity.
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