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ABSTRACT:

We test a range of standard implicit solvent models and protein forcefields for a set of 5
experimentally characterized, designed a-helical peptides. 65 combinations of forcefield and
implicit solvent models are evaluated in >800 us of molecular dynamics simulations. The data
show that implicit solvent models generally fail to reproduce the experimentally observed
secondary structure content, and none performs well for all 5 peptides. The results show that

these models are not usefully predictive.



MAIN TEXT

The use of molecular dynamics (MD) simulations in aqueous media is established in structural
biology.! There is a growing need for the application of such methods in the rapidly advancing
fields of protein structure prediction and de novo protein design. However, in both cases, many
model structures have to be evaluated, which is computationally expensive. For example, in
protein design, MD simulations are often currently limited to short backbone-restrained
simulations to improve side-chain packing.?* Computational protein design would benefit from
incorporating longer unrestrained MD simulations routinely to test the stabilities of designed
structures and to improve understanding of sequence-to-structure/function principles.*® An
attractive, practical solution is to use implicit solvent models. These have the benefit of including
dielectric shielding and other effects of aqueous solvation whilst avoiding the computational cost
of explicit representations of large numbers of water molecules.”®

Although explicit solvent simulations are accepted as being more accurate, currently they are
too expensive computationally for routine use in computational protein design pipelines that
generate many constructs. Simulations using implicit solvent—such as those based on generalized
Born (GB) models—are faster and easier to set up and analyze. Moreover, because protein
dynamics are not damped by solvent viscosity, conformational space sampling is accelerated.®!°
Balanced against this, many studies have highlighted limitations of implicit solvent models: e.g.,
different GB model—forcefield combinations can to lead to very different results, with many
combinations unable to reproduce native folds.!'-!* Nonetheless, recent work suggests that the
latest implicit solvent models and forcefields have improved accuracy and reproduce the observed

structures for a test set of small proteins.'¢



Systematically designed de novo peptides provide well-defined and comparable test set for
examining the performance of solvent models in MD simulations. Previously, we designed and
characterized a series of de novo peptides to explore local and macroscopic electrostatic
interactions in single o helices.!> These comprise blocks of charged glutamic acid (Glu, E) and
lysine (Lys, K) residues in sequences of the type (ExKx)n or (KxEx)a, Table 1. Changes in peptide
length and the order and sizes of the blocks result in different experimental a-helical content. N.B.
sequences with (E4sK4), and similar repeats occur in natural proteins and form single o-helical
(SAH) domains.'® Thus, interest in such sequences is not limited to de novo design. Here, we
simulate 5 de novo sequences (Table 1) using 5 different GB models and 13 different forcefields,

all included in the AMBER16 biomolecular simulation program!’.

Table 1. De novo peptides * used for testing different forcefield-GB model combinations.

. b Length | Experimental o
Peptide Sequence (residues) |  helicity (%)°
A4(K4E4)1A4(K4E4) 1Ay |AC-GAAAAKKKKEEEEAAAAKKKKEEEEAAAAGIW-NH, 31 97
(E4K4)2 Ac—-GEEEEKKKKEEEEKKKKGW-NH, 19 65
(K4E4), AC-GKKKKEEEEKKKKEEEEGW-NH, 19 22
(E4K4)3 Ac-GEEEEKKKKEEEEKKKKEEEEKKKKGW-NH, 27 74
(K4E4)3 Ac—-GKKKKEEEEKKKKEEEEKKKKEEEEGW-NH, 27 62

“Previously characterized experimentally by Baker et al.’* The same naming convention is used here. ®Peptides were
capped with acetyl (Ac) and amide (NH») groups. Lys residues are colored blue and Glu red. “Experimentally

determined a helicities from circular dichroism (CD) spectroscopy measurements at 5 °C in phosphate-buffered saline,
pH7.4.5

To test implicit solvent models in MD simulations, we applied the 5 GB models available in
AMBER: the Hawkins, Cramer, Truhlar model'® (igb1); the Onufriev, Bashford, Case model!**
(igb2) and its modified version? (igb5); and the GBn model by Mongan, Simmerling, McCammon,

Case and Onufriev?! (igb7) and its modified version by Nguyen, Roe and Simmerling? (igb8). In



combination with these, thirteen AMBER forcefields were tested with these GB models: 94,2
196, 1198,> 199, ff99SB,” {f99SBildn,® ff99SBnmr,? ff03.r1,%° ff14SB,*" ff14SBonlysc,?!
ff14ipq,*? tb15,* and ff15ipq.*

The choice of GB models and the AMBER suite was made for the following reasons. Firstly,
with the exception of CHARMM,* one or more of these GB models have been implemented in all
of the major biomolecular MD packages: all 5 in AMBER and OpenMM,; igbl, igb2 and igb5 in
GROMACS; and igb2 in NAMD. Secondly, the most recent GB model, igb8, used in combination
with the ff14SBonlysc forcefield was developed in AMBER. Finally, the GPU MD engine
pmemd.cuda®* within AMBER is fast and ideal for rapid testing of multiple GB model—forcefield
combinations.

Conditions from the experimental study'> were replicated as closely as possible: the peptides
were N-terminally acetylated and C-terminally amidated; simulations were run at 278.15 K; the
ionic concentration was set to 0.137 mol/L; and Glu and Lys side chains fully ionized, i.e.
negatively and positively charged, respectively, yielding neutral peptides. Initially, single 6 ps
simulations were run for each GB model-forcefield combination, with some systems repeated four
times to test reproducibility (see below). All simulations used the same minimization, heating and
equilibration protocol (see Methods in Supporting Information), starting from a fully helical
structure of each peptide created using Chimera.?” The first 250 ns were discarded as further
equilibration, yielding 5.75 ps of production MD for each. A total of 5750 frames (saved every 1

ns) were analyzed.
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Figure 1. Predicted o helicities and final structures from MD simulations of
A4(K4E4)1A4(K4E4)1A4 using 65 GB model-forcefield combinations. This peptide has been
shown experimentally to be 97% o helical.!® (a) Percentage helicity of A4(K4E4)1A4(K4E4)1A4
calculated with DSSP?® for the MD trajectories generated for all 65 combinations. The results are
presented as boxplots with the boxes indicating the first quartile, the median and the third
quartile of the sample. The whiskers indicate 1.5 times the interquartile range. Gaps correspond
to combinations for which the percentage o helicity is negligible. For each combination, 5750
frames were analyzed. Each forcefield is represented with a different color. The red dotted line

represents the experimental helicity. Asterisks indicate the combinations selected for further



testing. (b) Backbone structures of As(K4E4)1A4(K4E4)1A4 from selected GB model—forcefield
combinations after 6 us of MD. The peptides are colored by structure: o helix, blue; extended -

strand and B bridge, green; 7 helix, red; 310 helix, purple; turn, orange; coil, white.

We began our study with peptide A4(K4E4)1A4(K4E4)1A4 because this is the most helical
experimentally (97%, Table 1). The helicities and structures from the MD simulations of this
peptide for each GB model-forcefield combination are shown in Figure 1.

None of the GB model—forcefield combinations gave fully helical structures throughout the
trajectories (Figure 1a). Moreover, a disconcerting array of conformations was observed, Figure
1b, with some structures being completely unfolded, and others that did not maintain a stable
secondary structure for more than a few nanoseconds or were completely reconfigured into 3
sheets (Movies S1&S2). There is no experimental evidence that the A4(K4E4)1A4(K4E4)1A4 peptide
accesses these states.!”

The best performing combination was igb5 with ff99SBnmr (Movie S1) with a median helicity
of =87% and an interquartile range of less than 10% over the course of the simulation. The helicity
was due to the unfolding of the terminal residues on both ends. Irrespective of the implicit solvent
model, ff99SBnmr performed reasonably well for A4(K4E4)1 A4(K4E4)1A4, in contrast to the related
ff99SB ff99SBildn and ff99 forcefields (median o helicity < 50%). The older forcefields {ff94 and
198 yielded a median helicity above 75% and an interquartile range below 20%, regardless of the
GB model used and, were among the best forcefields at capturing the helical structure of this
peptide.

The most recent GB model-forcefield combination, igb8 with ff14SBonlysc, which is

recommended by the AMBER developers,!*?? did not maintain the starting o helix (Figure 1b,



bottom right) or even a stable overall secondary structure (Movie S1). Changing the GB model did
not significantly modify the outcome with this forcefield. Perhaps surprisingly, the ff14SB
forcefield, which was parameterized for use with the explicit TIP3P water model, led to a higher
simulated o helicity than ff14SBonlysc for each respective GB model, Figurel & Movie S1.
Perhaps unsurprisingly, forcefields ff14ipq, ff15ipq and fb15, which were not designed to be
compatible with GB models, were consistently poor at maintaining the peptide’s starting
conformation (median a helicity < 50%) regardless of the GB model, Figure 1b&S2.

The simulations were sensitive to both the GB model and to the forcefield used: different
predominant secondary structures were predicted by the same forcefield when different GB models
were used, and vice versa. Some forcefields, e.g. ff96, ff03.r1 and ff14SB, were much more
sensitive to the choice of implicit solvent model, with some GB models leading to a median helicity
above 70% and others below 50 %. For example, ff96 with igb5 captured the a helicity relatively
well, with a median helicity of =83%. However, the same forcefield with igb8 predicted the
formation of a P hairpin within 1 ps, which developed into a three-stranded sheet over the
remainder of the simulation. In contrast, using this forcefields with igb7, the
A4(K4E4)1A4(K4E4)1A4 peptide remained unfolded (Figure 1b&S1 and Movie S2).

To test the reproducibility of these simulations, we ran a total of 4 replicas for each of several
GB model—forcefield combinations (Figures S3&S4). These replica simulations gave similar
results for predicted structures and the differences between replicas are, in most cases, minimal.
Reassuringly, the same major conformational changes were sampled in all four replica runs albeit
at different times, such the o helix-to- structure transitions observed with the igb8—ff96
combination. These results indicate that running a single 6 ps simulation sufficiently captures the

performance of a GB model—forcefield combination for peptides of this size, but replica



simulations should be run to ensure the reproducibility of the results for the best performing
combinations.

Although none of the GB model—forcefield combinations maintained the experimentally
observed a helicity of A4(K4E4)1A4(KsE4)1A4, several gave a high degree of helicity (median
helicity >75%). Therefore, we tested these combinations, along with some others for comparison,
on other peptides with lower experimental a-helical content; e.g., the pair (E4K4)2 (65% a helix)
and (K4E4)2 (22% a helix), Table 1, which differ only in the order of the Glus and Lyss4 blocks. 27
implicit solvent—forcefield combinations were tested, starting from fully helical conformations of
both peptides, and using the same protocol as for As(K4E4)1As(K4E4)1A4.
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Figure 2. DSSP?? calculated o helicities of (E4K4)n and (K4E4)n peptides, where n=2,3. (a)
Percentage a helicities of (E4K4)2 (red) and (K4E4)> (blue) for the MD trajectories generated
from 27 GB model—forcefield combinations. Asterisks indicates the combinations selected for
the MD simulations of (E4K4); and (K4E4)3 (b) Percentage a helicities of (E4K4); (red) and

(K4E4)3 (blue) for the MD trajectories from 8 GB model—forcefield combinations. The results are



presented as boxplots as in Figure 1. The dotted lines show the experimentally measured

helicities for (E4K4)n in red and (K4E4), in blue).

Notably, the older forcefields (ff94, {196, {198 and ff99SBnmr) that captured the high a-helical
content of As(K4E4)1A4(K4E4)1A4, consistently predicted high a helicities for (E4Ka4)> and (K4E4)2,
Figure 2a. They did not discriminate between (E4K4)> and (K4E4), regardless of the implicit
solvent model, with median helicities for both peptides of ~80% compared with the experimental
values of 67% and 22%, respectively. This shows that these forcefields systematically favor, and
overestimate, a-helical structures, at least for Glu/Lys-rich peptides. In contrast, the more-recent
forcefields ff03.r1 and ff14SB gave lower a helicities, closer to the experimentally determined
values (except in the case of ff03.r1 with igb8), Figure 2a. Moreover, they correctly predicted
(E4K4)> to be more helical than (K4E4)2; although the differences in predicted helicities between
the two peptides were less than that measured experimentally. ff14SB performed better than
ff03.r1. The model combining ff14SB with igb7, which failed to predict the experimentally
determined o helicity of A4(K4E4)1A4(K4E4)1A4 (13% vs. 97%) (Figure 1), gave the best prediction
of the difference in helicity between (E4K4)> and (K4E4)2 at 63% and 21%, respectively. Overall,
the results show that even when a particular GB model-forcefield combination describes a
particular peptide well, it may fail for a closely related homologue (e.g. differing only in the order
of the amino acid residues).

To test this last point further, we took the 8 GB model—forcefield combinations that performed
best for (E4K4)2 and (K4E4)2 and modelled another comparable pair of peptides, namely (E4Ka4)s
and (K4E4)3, Table 1, which have a smaller difference in experimental o helicities, i.e., 74% and
62%, respectively. Again, the different methods predicted a wide range of helicities (Figure 2b).

Both ff03.r1 with igb5 and ff14SB with igb7 gave results in reasonable agreement with the



experimental helicity for the two peptides, with median a helicities of 67% and 78% respectively
for (E4K4)3, and 59% and 56% respectively for (K4E4)3. ff14SB with igb1 and igb5 also correctly
predicted (E4K4)3 as the more helical peptide, although the median helicities were 10% to 20%
lower than experiment.

Overall, the combination of ff14SB with igb7 stood out, having predicted the percentage
helicities for (E4K4)2, (K4E4)2, (E4K4)3 and (K4E4)3 reasonably well; i.e., all were within 10% of
the experimental values (Figure 2). However, it failed to predict the high helicity of
A4(K4E4)1A4(K4E4)1A4, Figure 1a, returning random conformations instead (Figure 1b). Moreover,
the combinations that best predicted the helicity of A4(K4E4)1A4(K4E4)1A4 did not give the correct
percentage helicities for the other four peptides, and almost always failed to predict the more
helical of the paired designs. Thus, none of the GB-forcefield combinations tested here is a reliable
predictor for all of the peptides that we tested. Comparison with other experimental measures of
helicity did not improve the overall agreement with experiment and did not change the conclusion
that none of the models quantitatively predict secondary structure (Supplementary results and
Table S1).

In summary, these simulations show that none of the implicit solvent model—forcefield
combinations that we have tested accurately predict the experimentally measured o helicities of
de novo designed Glu/Lys-rich peptides. While some combinations systematically favor a high
degree of helicity, irrespective of the peptide, others are only predictive for peptides with high or
intermediate o helicities. Furthermore, some combinations predict entirely incorrect
conformations, including B-rich structures, for which there is no experimental evidence. Therefore,
our simulations serve as a warning not only of the unreliability of implicit solvent models, but also

a reminder of the importance of the forcefield: changing the forcefield for a given GB model will

10



usually lead to changes that are more marked than changing the GB model for a given forcefield.
They also highlight the importance, whenever possible, of rigorously testing combinations of GB
models and forcefields against experimental data. With this in mind, the systematic set of de novo
designed peptides that we have studied here provide a usefully sized training set for testing solvent
models and protein forcefields for simulating experimentally observed secondary structures.

The present study could be extended in several ways. Replica exchange*was not used because
the goal was to look at a fast and easy approach that can be applied to computational protein design.
Replica exchange might improve convergence, but is not likely to change the overall conclusion
that the implicit solvent models are not predictive of secondary structures adopted by short
peptides. Also, the Glu and Lys residues were treated as always ionized. However, we note that
interactions between such charged residues can lead to changes in effective pKa and hence in
protonation state.** Using constant pH MD*'#? could shed further light on those phenomena and
on their relative importance in secondary structure formation of the peptides. Finally, it would be
interesting to explore combinations of forcefields with explicit solvent models on the same Glu

and Lys rich peptides.

Supporting Information

Methods, Supplementary Results, Supplementary Figures S1 to S11 and Supplementary Table S1

(PDF), Supplementary Movies S1 (mp4) and S2 (mp4).
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