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ABSTRACT Oligoglycine is a backbone mimic for all proteins and is prevalent in the sequences of intrinsically disordered pro-
teins. We have computed the absolute chemical potential of glycine oligomers at infinite dilution by simulation with the
CHARMM36 and Amber ff12SB force fields. We performed a thermodynamic decomposition of the solvation free energy (AG)
of Gly,_s into enthalpic (AH®) and entropic (AS*®) components as well as their van der Waals and electrostatic contributions.
Gly,_s was either constrained to a rigid/extended conformation or allowed to be completely flexible during simulations to assess
the effects of flexibility on these thermodynamic quantities. For both rigid and flexible oligoglycine models, the decrease in AG®®
with chain length is enthalpically driven with only weak entropic compensation. However, the apparent rates of decrease of
AG®®, AH*, AS*®, and their elec and vdw components differ for the rigid and flexible models. Thus, we find solvation entropy
does not drive aggregation for this system and may not explain the collapse of long oligoglycines. Additionally, both force fields
yield very similar thermodynamic scaling relationships with respect to chain length despite both force fields generating different

conformational ensembles of various oligoglycine chains.

INTRODUCTION

The protein trinity hypothesis says that proteins may exist
in an ordered, collapsed-disordered (molten globule), or
extended-disordered (random coil) conformational state,
and that these states give rise to particular, biological
functions (1,2). Intrinsically disordered proteins (IDPs)
or regions (IDRs) within proteins present a diverse
ensemble of structures with a range of molecular dimen-
sions. To capture this diversity, Uversky (3) proposed the
addition of an intermediate premolten globule thermody-
namic state characterized with a compactness and residual
structure between that of the collapsed and extended
states. An IDP or IDR’s occupancy in and interconversion
between these states depends, in part, on sequence compo-
sition and chain length (2,4), while other processes (e.g.,
binding, allostery, posttranslational modifications) shift
the equilibrium between these states. Here we are inter-
ested in how the innate properties of a short, model IDP
may affect the competition between intrapeptide and
peptide-solvent interactions and thus result in extended
or compact conformational ensembles of relevance to
longer IDPs.
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Extended IDPs tend to lack hydrophobic side chains and
often have a large overall net charge (3—7). Many IDPs
collapse or aggregate despite the absence of hydrophobic
side chains and/or the presence of a large, net charge
(8-11). Oligoglycine (i.e., the common protein backbone)
is a particularly interesting example, as it is found in
many IDRs (12,13), exhibits IDR qualities, and has been
shown to collapse in a length-dependent manner (14—17).
High glycine content has also been associated with compact
IDRs (5). Evidence suggests that as chain length increases,
favorable protein backbone interactions out-compete back-
bone-solvent interactions resulting in oligoglycine collapse
(15,16). The fact that the solubility of oligoglycine de-
creases dramatically with chain length (N = 1-5) further
supports this idea (18). However, whether favorable intra-
peptide interactions are due to H-bonding, electrostatic
(elec), and/or van der Waals (vdw) interactions, is a subject
of debate (14—16,19). Interestingly, the solvation free energy
of fixed conformations of oligoglycine in infinite dilution is
negative and continues to decrease with chain length
(20,21)—further suggesting that collapse may not be a
consequence of unfavorable solvent interactions, but due
to the availability of more potential intrapeptide interac-
tions. Few studies have considered the entropic contribu-
tions to the solvation free energy of oligoglycines in
particular—or IDPs in general—as a function of chain
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length. While the hydrophobic effect (i.e., solvation entropic
penalty) is known to play a key role in protein folding,
its importance to aggregation and collapse of IDPs is less
clear.

Using computational free energy methods, we performed
a decomposition of the solvation thermodynamics for suc-
cessively longer oligoglycine polypeptides (Gly,-Glys).
We use multistage free energy perturbation (FEP) to calcu-
late solvation free energy (AG*!) and its vdw (AGY?) and
elec (AG®*) components. We further decomposed AG*!,
AGY¥_ and AG®* into their entropic and enthalpic compo-
nents. FEP simulations were performed with oligoglycine
models either constrained to a rigid-extended conformation
or completely flexible (i.e., without positional constraints)
using both the CHARMM36 (C36) (22) and AMBER
ff12SB (23) force fields. We consider rigid and flexible
oligoglycine models because we have previously shown
how AG**' depends on flexibility and geometry (20,24,25).
C36 and ff12SB are used to discriminate and control for
force field effects and to investigate how the differences
observed in the structural properties of oligoglycine pre-
dicted by these two force fields (17) affect the solvation
thermodynamics.

We find that AG¥®" and AG®"*® decrease with chain length
but their magnitude and rate of decrease depends on confor-
mational flexibility. Despite force-field-dependent structural
properties of oligoglycine, both force fields yield very
similar thermodynamic scaling profiles with respect to chain
length. As chain length increases, —TAS*' becomes more
unfavorable but is offset by a more favorable AH**' for
both rigid and flexible oligoglycines. Differences in
—TAS*" and AH*! between flexible and rigid oligoglycines
is pronounced; however, due to their compensatory nature,
they yield small differences in AG**'. Significant compac-
tion of oligoglycine is predicted for chains containing
>10 glycine residues (14-16). The question remains
whether the solvation thermodynamics of short oligogly-
cines can predict (i.e., group-additivity) the solvation free
energy of longer oligoglycine chains that can form complex,
compact structures.

Both free energy error estimates and the necessary
computational resources increase with chain length and
limit this study to relatively short oligoglycines. However,
our results help to provide mechanistic insight into the
forces that may drive the collapse of longer oligoglycines.

MATERIALS AND METHODS

FEP simulations were performed for a rigid-extended conformation of
Gly,, Gly;, and Gly, as well as for completely flexible Gly, s using
NAMD 2.10 (26) with the CHARMM36 (C36) (22) and AMBER {f12SB
force fields (23) at 300 and 320 K. Solvation free energy, AG®!, was calcu-
lated by first scaling the vdw interactions with the solvent followed by elec
charging by means of a coupling parameter, A. Below we describe the setup
of the simulations, common simulation parameters, parameters specific to
FEP, and the analysis methods.

Solvation Thermodynamics of Oligoglycine

System

For simulations with C36, oligoglycines were built in a fully extended
state using the VMD plugin MoleFacture (27) and capped with neutral
acetyl (ACE) and N-methylamide (NME) groups. They were similarly built
using XLeap in AmberTools (23) for simulations with ff12SB. Systems
were solvated with TIP3P water using either VMD’s Solvate plugin or
XLeap ensuring at least a 10 A padding between oligoglycine and the sides
of the simulation box.

General simulation parameters

All simulations were performed at constant temperature (either 300 or
320 K) and pressure (1 atm) using a Langevin thermostat and barostat.
NAMD’s default switching function at 1.0 nm was used to smoothly trun-
cate nonbonded interactions at 1.2 nm. Electrostatic forces were calculated
using particle mesh Ewald on a grid with a 1.0 A spacing. The 14 scaling
was set to 0.8333 for simulations with ff12SB to match AMBER’s
nonbonded exclusion convention. The velocity Verlet algorithm with a
2 fs time step was used to integrate the equations of motion. Coordinates
and energies were saved every 1 ps.

Free energy perturbation simulations

To set up the FEP simulations, we first performed a steepest descent mini-
mization for each system, allowing only water coordinates to change for
simulations with fixed oligoglycine. Configurations for FEP simulations
of flexible oligoglycines were taken either from a short equilibration run
or from the final configurations from long molecular dynamics (MD)
simulations from previous studies in our lab at constant temperature and
pressure. These configurations were used to initiate the FEP simulations
at 300 K.

The process of solvating each oligoglycine was decomposed into two
pathways following a protocol similar to that of Kokubo et al. (24). First,
the vdw interactions between oligoglycine and the solvent are gradually
turned on via a coupling parameter, A*", that takes on values between 0
(i.e., gas phase) and 1 (i.e., vdw interactions fully on). For intermediate
2 values, the vdw interactions are scaled according to a soft-core poten-
tial (28). Then, with Avdw — 1, the elec interactions are linearly scaled with
2% such that when A°°¢ = 1, oligoglycine is fully solvated. The interac-
tions between atoms in oligoglycine were not scaled. For the vdw
pathway, a AX*® value of 0.02 (50 windows) was used for rigid/fixed
and flexible Gly,, Gly;, and Gly, simulations, while a spacing of 0.04
was used for flexible Glys. A AA value of 0.0625 (16 windows) was
used for all electrostatic pathways. Independent, concurrent MD simula-
tions at 300 K were performed at each A for 50 ns for fixed and flexible
Gly,4 and 80 ns for flexible Glys. The change in free energy was
computed from these simulations at each A**Y and 2°*¢ and is discussed
in the following section. The simulations were then repeated at 320 K, us-
ing the final configuration from the simulations at 300 K, to measure the
change in solvation entropy (29,30). One nanosecond at each A was attrib-
uted to equilibration. In total, 1748 simulations were performed for an
aggregate simulation time of 92.3 us. While the overall solvation free
energy is a state function, its vdw and elec components, as defined here,
are path/protocol-dependent.

Solvation free energy

The vdw and elec contributions to solvation free energy are computed sepa-
rately according to the exponential form of the FEP formula (31,32):
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where i is used to index a particular A'* or A that take on values be-
tween 0 and 1; § is the inverse temperature; and AU; = AU(Aip)—
AU(4;), which is the difference in either the vdw or elec potential energy
for a configuration generated in the A/*" or A% ensemble and those for
the same configuration if it were in the Y%} or ¢f ensemble, respectively.
(...); is an ensemble average and the summation is either over the A or
A% values. Simulations at each A yield trajectories of AU or AUS™
values. Note that the small contributions from pressure and volume are
not included in the estimates of AG. For a detailed review on multistage
FEP calculations, we refer the reader to Kokubo et al. (24) and Pohorille
et al. (31). The total solvation free energy, AG*™! is the sum of AG¥4Y
and AG®*c.

Solvation entropy and enthalpy

Two approaches were used to decompose AG™® into its enthalpic and
entropic components. In the first method, referred to as the finite difference
(FD) approach, we further decompose AGY®Y and AG® into their en-
thalpic and entropic components. In this approach, the vdw and elec contri-
butions to solvation entropy are given by a central finite difference
approximation (29,30):

AS*™(310K) = _9AGT
aT 310 K
_ AG™(310K + AT) — AG*™ (310 K — AT)
T 2AT :
)
elec
AS™(310K) = —GA%
310 K
_ AG*(310 K + AT) — AG***(310 K — AT)
T 2AT ’
)

where AT is 10 K. Similarly, AS*®' is the sum of AS**" and AS®¢. To calcu-
late solvation enthalpy and its components, we estimate AG*!, AG*®, and
AG® at 310 K as the average of those measured at 300 and 320 K, and use
the fact that AG = AH — TAS.

Alternatively, we directly calculate solvation enthalpy at 300 and 320 K
as the difference in the average, total potential energy of the fully solvated
state (aqueous), and the gas phase reference state (referred to as the end
point energy (EP) approach):

AHsoleUsol — <an> _ <Ugas>, (6)

AHsol =~ <Utota1 (Avdw = 1N Aelec — 1)>

7
_ <Utotal (Ade _ Onxelec — O)> ( )

Here, U'! is the sum of all bonded and nonbonded peptide-peptide, pep-
tide-solvent, and solvent-solvent potential energy terms. Whereas the solva-
tion free energy depends only on the peptide-solvent potential energy, the
solvation enthalpy and entropy include contributions from all bonded and
nonbonded interactions in the system (33). AS**! at 300 and 320 K is calcu-
lated as TAS = AH — AG. Note that AS* was not further decomposed into
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its vdw and elec components as in the FD approach. To directly compare to
the FD approach, AS*®' and AH**' were approximated at 310 K as the
average of those measured at 300 and 320 K. The change in the heat capac-
ity of solvation is minor and indicates that both the FD approach and the
averaging of the thermodynamic quantities to yield estimates at 310 K
are reasonable approximations for the temperature range considered.

Error analysis

We use two independent methods to estimate errors (i.e., statistical uncer-
tainties) in AGY® and AG®* at 300 and 320 K. We briefly describe these
methods but a more detailed description can be found in Appendix A. The first
method involves estimating the correlation times from autocorrelation func-
tions (ACFs) of exp(—BAU;(r)) for each of the 1748 A-simulations. We
note that ACFs of AU;(t) yielded very similar autocorrelation times. Error
propagation, corrected for the number of independent observations using
the correlation times, is applied to the exponential form of the FEP equation
(31) to estimate errors, alv,‘dch and a;’ec‘i:, in AGY®™ and AGeke, respectively.
In the second method, we use a blocking approach (34,35) in which trajectories
of AU} and AUS* are broken up into blocks that span A-space. AG*% and
AG®** are calculated using Eq. 1 and Eq. 2, respectively, for each block and the
variance of these block estimates is used to calculate the block standard error
(BSE). The BSEs are calculated as a function of block length and the point at
which the BSE stops varying with block length will yield error estimates, o},
and 0§, of AG*™ and AG®'*®, respectively. The errors measured by these two
methods are then propagated, separately, to estimate errors in AG*”'.

For the FD approach, ACF and BSE errors in AG™ AGYY and AG®'ee
are propagated to estimate errors in AS*®', AS¥4¥, Aselec, AH*!, AHY, and
AH®*. For the EP approach, autocorrelation times of U%(¢) and U ()
were estimated from their respective ACFs similarly detailed in Appendix
A. Errors in (U*) and (U#*) were corrected for the number of independent
observations and then propagated to estimate the error in AH**', Addition-
ally, BSEs were calculated in a similar manner detailed above but with
(U%) or (U**) estimated within each block. The error in the endpoint en-
ergy estimate of AH*' calculated via the ACF or BSE approaches were
combined with the corresponding errors in AG*, to estimate the errors
in AS*.

RESULTS

Toward understanding the solvation thermodynamic mecha-
nisms that dictate, in part, the structural properties of disor-
dered oligoglycine chains, we have decomposed the
solvation free energy (AG*') of oligoglycine into its vdw
(AG¥™) and elec (AG®®®) components as a function of
chain length and force field using stratified FEP. The solva-
tion free energy was further decomposed into its entropic
(AS*!) and enthalpic (AH*"') contributions using two inde-
pendent approaches (i.e., the FD and EP approaches as dis-
cussed in the Materials and Methods). The FD approach also
yields the vdw and elec components of AS* and AH*'.
Because the FD approach provides a more accurate estimate
of AS at the midpoint (i.e., 310 K) and to compare results
from both approaches, AS*®' and AH*! calculated via the
EP approach were approximated at 310 K as the average
of those measured at 300 and 320 K. We also investigate
the effects of conformational flexibility on these various
thermodynamic quantities. Below we present the results
for each quantity at 310 K, and provide the results at 300
and 320 K in the Supporting Material.



Solvation free energy

Fig. 1 depicts the scaling of AG®!, AGY®, and AG®*® with
chain length (N) for fixed, rigid-extended (solid line) and
flexible (dashed line) oligoglycines from FEP simulations
with C36 and ff12SB at 310 K. The subscripts “fix” and
“flex” are used to denote solvation free energies from sim-
ulations in which oligoglycine is fixed in an extended, rigid
conformation or allowed to freely explore conformation
space, respectively. We used two independent approaches
to estimate errors. These approaches are detailed in the Ma-
terials and Methods and Appendix A. Both methods yield
errors ~1 kcal/mol or less for the AG values, suggesting
our estimates have converged to sufficiently high precision
to infer mechanism. Table S1 in the Supporting Material
provides AG¥%¥, AG*, and AG*! for each oligoglycine
at 300 and 320 K, which were averaged to yield estimates
of those at 310 K.

Both force fields yield similar trends in the scaling of
AGY!, AGY!, and their vdw and elec components with N.
For example, AGY)! is negative and continues to decrease
linearly as the number of residues increase. The average
difference, or slope, in AG{ between Gly, and Gly,;
is —5.12 and —5.44 kcal/mol per peptide unit for C36
and ff12SB, respectively. This scaling is consistent with
the —5.00 and —5.48 kcal/mol per peptide unit reported
by Tomar et al. (36) and Hu et al. (21) using different
force fields and conformations of oligoglycine. Compared
to AGY, AG}) decreases at a slower rate with respect
to N with an average contribution per peptide of

C36 ff12SB

AG™ (kcal/mol)

AG®'C (kcal/mol)

AG*! (kcal/mol)

# residues # residues

FIGURE 1 Solvation free energy of rigid/extended (solid) and flexible
(dashed) oligoglycines at 310 K as a function of chain length from simula-
tions with the C36 (left) and ff12SB (right) force fields. The vdw, elec, and
overall solvation free energy are shown in order from top to bottom. Errors
associated with each quantity can be found in Table S1.

Solvation Thermodynamics of Oligoglycine

—4.27 kcal/mol for C36 and —3.54 kcal/mol for ff12SB.
There appears to be a transition occurring at Gly; that esti-
mates the scaling of the longer oligoglycines. In terms of the
free energy components, both AG®*® and AG"%Y are nega-
tive for rigid and flexible oligoglycines and also depend
on conformational flexibility. AGE%‘: is consistently, slightly
less favorable than AG}&W, but their contributions to AG*
are small in comparison to their dominant electrostatic
counterparts. The differences in AG* between force fields
(Fig. S1 in the Supporting Material) are ~2 kcal/mol or less
with those for AG*! at ~1 kcal/mol at both temperatures.

Solvation entropy

In the FD approach, solvation entropy was calculated from
the numerical derivative with respect to temperature using
the free energy at 300 and 320 K. Fig. 2 (solid triangles)
shows the scaling of AS*® and its elec (AS®"*®) and vdw
(AS¥9Y) components for rigid and flexible oligoglycine.
Data are provided in Table S2. Similar to the trends
in solvation free energy, we find ASY, ASy™, and
ASZec to be reasonably linear with respect to the
number of residues with average contributions per peptide
being —13.55, —8.68, and —4.90 cal/mol/K, respectively,
for C36 and —13.48, —7.85, and —5.58 cal/mol/K for
ff12SB. ASY! . while still unfavorable, is more positive
than AS!, indicating that conformational flexibility reduces
the entropic penalty of solvating these short oligoglycines.
The separation between AS{L and ASS is largely due to

Cc36 ff12SB

AS* (cal/mol/K)

ASE'eC (cal/mol/K)

S (cal/mol/K)

# residues

# residues

FIGURE 2 Solvation entropy of rigid/extended (solid) and flexible
(dashed) oligoglycine as a function of chain from simulations with the
C36 (left) and ff12SB (right) force fields using the FD (solid triangle)
and EP (open triangle) approaches. The vdw, elec, and overall solvation
entropy are shown in order from top to bottom. Error estimates are provided
in Tables S2 and S3.
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the differences in the scaling of the vdw component, which
contributes more to the overall solvation entropy than the
elec component.

In the EP approach, AS®! at 300 and 320 K was calcu-
lated first by directly estimating AH*! as the difference in
the average potential energy of the system in the fully sol-
vated state relative to the gas phase at both temperatures,
then using AG* = AH*®' — TAS*®! to solve for AS™
(Fig. S2; data provided in Table S3). To compare to the
FD approach, AS*®' at 310 K was approximated as the
average of AS*! at 300 and 320 K. ASY! and AS! calcu-
lated by the EP approach scale in a manner consistent
with that observed from the FD approach (Fig. 2, open tri-
angle). Again, both force fields yield a similar scaling of
AS®, ASec and ASYYY for rigid and flexible oligoglycine
with N (Fig. S3).

Solvation enthalpy

Next, for the FD approach, we calculated solvation enthalpy
(AH*!) and its components at 310 K using AH = AG+
TAS. We selected a temperature of 310 K because the finite
difference used to approximate AS is more precise at the
midpoint than at 300 or 320 K. AG at 310 K was esti-
mated as the average of AG at 300 and 320 K. For the EP
approach, AH*! was directly calculated at 300 and 320 K,
then averaged to give AH*' at 310 K. Fig. 3 shows
AHYY AH® and AH*®' as a function of chain length,
force field, and approach for rigid and flexible oligogly-
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FIGURE 3 Solvation enthalpy of rigid/extended (solid) and flexible
(dashed) oligoglycine at 310 K as a function of chain from simulations
with the C36 (left) and ff12SB (right) force fields calculated by the FD
(solid triangle) and EP (open triangle) approaches. The vdw, elec, and over-
all solvation enthalpy are shown in order from top to bottom.
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cines. Data are provided in Tables S4 and S5. Both AHY
and AHE";X are large and negative, but the rate of decrease
with respect to length of AHL is slightly less. The scaling
of AH*! with chain length is predominantly determined by
AH®*¢. The average rate of decrease of AH}Y is —1.09
and —1.25 kcal/mol/unit for C36 and ff12SB, respectively,
which is less than half of those observed for AH%‘}(W. Differ-
ences between force fields were slightly larger for AH than
AS and AG, with differences ranging between —4 and
4 kcal/mol (Fig. S5).

Whereas AG*! depends only on peptide-solvent interac-
tion energy, AH**' and AS*! include bonded and nonbonded
intrapeptide contributions as well as a solvent reorganiza-
tion energy (33). To parse out these contributions, we
decomposed AU (i.e., the EP approximation of AH*")
into its various peptide-peptide (AUSY, AUSS), peptide-
solvent (AUAY, AUZS), solvent-solvent (AUYSY, AUSES),
and intrapeptide—bondéd (AU") average energieé for flexible
Gly, and Glys. Fig. 4 depicts this energetic breakdown.
We find that AH*! is favorable and continues to decrease
with chain length due primarily to a favorable, decreasing
change in the elec peptide-solvent interaction energy. As
expected, this is slightly offset by a positive AU‘VS,W and
much more so by AUS}‘";C, or a solvent reorganization
penalty. For rigid oligoglycines, bonded and nonbonded in-
trapeptide energies cancel and favorable peptide-peptide
interactions yield a favorable, decreasing AH*®' with chain
length. However, for flexible oligoglycines, solvation has
the effect of reducing intrapeptide electrostatic energy,
resulting in a positive AUffff, and, to a lesser extent,
AU;’?MW, in a length—dependent manner. The bonded, intra-
peptide potential energy contributes little to the solvation
enthalpy. That the electrostatics dictates the scaling of
AH*' with N is consistent with what we observe by the

FD approach.

Error analysis

Calculation of entropy differences from free energies re-
quires strict control of errors. Accurately estimating errors
in free energy calculations continues to be a challenging
problem (31). Here, we used two independent methods
to estimate errors, the details of which can be found in
the Materials and Methods and Appendix A. Table S1 pro-
vides errors in the free energy and its components from the
autocorrelation function (ACF) and the BSE approaches.
Both approaches demonstrate that the error in AGH), is
largely due to the error in AGSSS whereas the errors in
AG™ and AGZ are of similar magnitudes. Errors also
increase with chain length. However, the ACF errors
are systematically larger than those calculated using the
BSE approach. Two reasons may explain, in part, this
observation.

First, the procedure used to fit the ACFs to estimate
the correlation times appears to be sensitive to weak,
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FIGURE 4 Differences in the average energies of the components contributing to AH**' =AU for flexible Gly, (leff) and Glys (right). The subscript u
denotes the solute/peptide and v denotes the solvent. AU is the difference between the average bonded intrapeptide energies (e.g., dihedral, bond, angle

energies) of oligoglycine in the final, solvated state and the gas phase.

long-time correlations (<5% self-similarity and oscillation),
which are predominantly present in simulations of flexible
oligoglycines in which the electrostatic interactions are
turned on. The correlation times across the A%*® simulations
for flexible oligoglycines ranged from 1 ps to 34 ns and
increased with chain length. The BSE approach appears to
be less sensitive to these weak, long-time correlations. To
test this, we calculated the BSE at each AY%" and A°*° at
300 and 320 K for flexible Glys and calculated the correla-
tion times using BSE = a+/7/N, where ¢ is the variance, T
is the correlation time, and N is the number of samples.
While the profiles of correlation times across A% were
similar for both approaches, the correlation times calculated
with the BSE approach were orders-of-magnitude (data not
shown) less than those reported by the ACF approach.
Others have noted that this BSE approach typically underes-
timates the true correlation time of dynamic observables
(34,37). In contrast, the vdw correlation times differed, at
most, by a factor of 2.

Second, we took a conservative approach in estimating
the correlation times as four times the decay constant
from a best fit of the ACFs to an exponentially decaying
function. For these reasons, we interpret the errors from
the BSE and ACF approaches as loose lower and upper
bounds, respectively, on the true error. The ACF errors,
although larger, still indicate that our estimates of
AGYY, AG®*, and AG*"' have converged to a precision
<1 kcal/mol for rigid and flexible Gly, 4 (Table S1) and
slightly larger for flexible Glys. Due to the propagation
of uncertainty and the fact that we are taking a finite de-
rivative in the FD approach, the ACF and BSE errors are
larger for AS*®', AH**! and their vdw and elec components
(Tables S2 and S4). Interestingly, persistent, weak corre-
lations were not present in the ACFs of U*(r) and
U®s(r) as compared to the ACFs of exp(—BAU;(t)).
This led to errors (Tables S3 and S5) in AH*®' and AS*
that were systematically less than those calculated via
the FD approach. The BSEs reported by both approaches
are more similar. We also do not observe as strong of
a length dependence of the errors estimated by the EP
approach.

DISCUSSION

Scaling of solvation free energy, enthalpy, and
entropy with chain length and the effects of
flexibility

Computational free energy methods can be used to measure
the thermodynamic properties of disordered polypeptides
that are otherwise difficult to access with experiment.
Here, we have performed a complete thermodynamic
decomposition of the solvation free energy of oligoglycine
as a function of chain length (), force field, and positional
constraints. Few studies have considered the scaling of sol-
vation entropy of the protein backbone with the number of
residues and the effects of flexibility on this scaling relation-
ship. Accurately estimating the solvation free energy and
entropy even for these short oligoglycine models required
extensive sampling, particularly for flexible oligoglycines.
This study required a total of 1748 simulations for an aggre-
gate simulation time of 92.3 us.

We find that both force fields yield very similar trends in
the scaling of AG*!, AH*! and AS*®! and their vdw and elec
components with N (Figs. 1-3). Fig. 5 shows AG®, AH!,
and —TAS* for rigid-extended and flexible oligoglycines
as a function of chain length and force field at 310 K (Tables
S6 and S7) calculated by the FD and EP approaches. AG*”!
is negative and continues to decrease at a rate similar to that
observed in previous studies of oligoglycine fixed in various
conformations (21,36,38). Unlike for successively larger
alkanes (39), the scaling of AG* is enthalpically driven
and only moderately compensated by unfavorable entropy
changes. This is consistent with the transfer free energy of
N-methylacetamide (NMA), a peptide group analog, from
the gas to solvent phase (14,40). However, AG®' of
NMA is —10 kcal/mol at 298 K, which is nearly twice as
large as the glycine peptide contribution per monomer we
find for rigid oligoglycines and larger yet for flexible
oligoglycines.

When considering the effects of flexibility, we find that
—TAS*' increases and AH*! decreases at a slower rate
than their rigid counterparts. However, the increase in en-
tropy associated with solvating flexible oligoglycines offsets
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FIGURE 5 Thermodynamic decomposition of solvation free energy for rigid/extended (solid) and flexible (dashed) oligoglycines as a function of chain
length and force field at 310 K calculated by the FD and EP approaches. (Solid circle) AG*! calculated by free energy perturbation; (solid and open triangles)
AH*' and —TAS*' calculated by the FD and EP approaches, respectively. Note that AH*' and —TAS**! at 310 K was approximated as their averages at 300

and 320 K.

the reduction in enthalpic interactions relative to that
observed for rigid oligoglycines, and, as a result, differences
in AGY and AG}) are less pronounced. The FD and EP ap-
proaches predict very similar thermodynamic scaling pro-
files for the rigid and flexible oligoglycine models.
However, the EP approach yields smaller statistical uncer-
tainties and requires half as many FEP simulations to obtain
AH*' and AS**! as the FD approach.

Given the trends in the scaling relationships established
here for short oligoglycines, we expect the differences in
AG}!, and their entropic and enthalpic components, to be
amplified for longer oligoglycines. As we will discuss
below, this will have implications for the validity of
group-additive models to predict the thermodynamics of
long, disordered polypeptides from the thermodynamic
properties of its isolated chemical groups. Future work
will address the predictive capabilities of these scaling rela-
tionships for longer oligoglycines.

Decomposing AG®, AH*! and AS* into vdw and elec
components provides insight into the mechanisms that yield
their scaling relationships with N. AG®* dominates AG*4¥
and largely dictates the scaling of AG*, as has been previ-
ously noted for various oligoglycine and oligoalanine chains
(21,24). On the other hand, ASY is of the same order of
magnitude of AS®*® but contributes more to AS*®'. This is
consistent with the idea that inserting a large vdw cavity
in water reduces the translational entropy of the solvent
and disrupts the water-water interaction network more so
than the subsequent charging of the cavity (41,42). The in-
verse relationship between enthalpy and entropy is also
apparent in their vdw and elec components with AH®*¢ be-
ing ~1.5-3 times more favorable than AH"% for rigid and
flexible oligoglycines. In general, both the absolute value
and the rate of decrease of the vdw and elec components
of AG, AH, and AS change when positional constraints
are not imposed on the oligoglycine chain. Most notably,
AGYY, AHYYY, and AS!YY are consistently more positive

flex » flex > flex
than their fixed counterparts. We note that in a previous
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study in which oligomers of alanine were decomposed in
a similar fashion, vdw solvation free energies were found
to be consistently more positive for flexible alanine poly-
peptides than their rigid-extended counterparts (24). Flexi-
bility has the consequence of giving less instantaneous
vdw exposure to the solvent for most conformations as
favorable peptide-solvent interactions may be screened.
This is understandable, given the range of vdw attractions
to solvent. Note that, for flexible alanine chains, the slope
of AGy turned positive. But just as in this study, the
overall solvation free energy was dominated by the elec
component.

Force-field comparison

Figs. S1, S3, and S5 show the differences in AG*!, AH*!,
and AS®' and their components between force fields.
Differences in AG*' between C36 and ff12SB are within
1-2 kcal/mol for rigid and flexible Gly,_s. Interestingly,
there appears to be a compensatory relationship between
force fields in that ff12SB consistently underestimates
AGY relative to C36, but overestimates AG®¢ for
Gly,_4, resulting in smaller differences in AG*!. These can-
cellations are also observed for flexible Glys, but do not
follow the aforementioned trend. Hu et al. (21) previously
measured AG*' for various fixed conformations of Gly,_s
using the CHARMM?27 (C27) force field and found an
average contribution per peptide of —5.48 kcal/mol, which
is consistent with the —5.26 and —5.57 kcal/mol/unit we
find with C36 and ff12SB, respectively. However, the abso-
lute values of AG*! were different. For example, they re-
ported a AG*' of Glys that was roughly 10 kcal/mol less
than what we find with C36 and {ff12SB, which further high-
lights the effects of flexibility on solvation free energy.
While employing different strategies, C36 and ff12SB
were parameterized to match experimental and theoretical
structural and thermodynamic data (22,23). We have previ-
ously shown that C36 generates structural ensembles of



Gly; and Gly to a greater extent, which are more extended
and less compact than ff12SB with significant differences in
individual dihedral angle populations (17). The small differ-
ences we observe in AG*! between C36 and ff12SB may
suggest either that the solvation thermodynamic properties
of oligoglycine are robust to differences in force-field struc-
tural parameters or that the chain lengths considered here
are too short to realize significant differences in structural
ensembles generated by C36 and ff12SB. The former im-
plies a degenerate relationship between the structural mani-
fold of oligoglycine and its solvation thermodynamics. Even
for Glys, differences in force fields are pronounced, with
ff12SB sampling more compact conformations than C36
(data not shown). Given the striking differences in the struc-
tural ensemble of Gly,q produced by these two force fields
(17), we expect differences in the scaling of AG*' to
become more apparent for larger N. While this clearly needs
to be tested, we note that caution should be exercised when
attempting to connect structural ensembles to biological
mechanisms from such potential models (i.e., force fields)
even when those models are in thermodynamic agreement.

Implications for group-additivity

The notion of group-additivity posits that the solvation free
energy of a macromolecule is the result of additive contribu-
tions of the chemical groups that comprise it. Additive prin-
ciples have been applied to and observed in numerous
studies of hydrocarbon and protein systems (18,21,43-49).
However, evidence continues to mount that additivity is
context-specific, and depends on local chemical environ-
ment and molecular conformation/geometry. While rough
estimates are possible, the method may not accurately pre-
dict the solvation free energy of amino acids and proteins
(20,25,36,38,50-55). From a study of 50 conformations of
decaglycine, we have shown that even an individual atom’s
contribution to AG¥®" and its repulsive component are not
well defined and vary with respect to conformation; the
result depends on local chemical environment and force
field, which is contrary to what one would expect if addi-
tivity held (20).

While chemical context and conformation matter, the
apparent linear scaling of AGY! with N and the relatively
small differences between AGL and AGY) observed here
are consistent with an additive contribution of the glycine
peptide unit to the overall solvation free energy. However,
our data also indicate different rates of decrease of AG!
and AG§Y with N. A recent study (36) has shown that the
binding energy of a glycine peptide with the solvent depends
on or is correlated with that of its neighboring peptides for a
series of extended, fixed oligoglycines. They note that corre-
lated fluctuations can change the free energy of the solute
and this effect occurs over spatially distant moieties. For
longer, flexible oligoglycines, structural fluctuations and
long-range peptide-peptide interactions alter the local sol-
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vent structure around any one glycine peptide in the chain
from that of the linear peptide. As a result, the contribution
of each glycine peptide to the overall solvation free energy
of the entire chain is conditioned by both its near and
spatially more distant neighbors. These correlations or
cooperative effects could not have been predicted from the
solvation free energy of an isolated glycine and, thus, leads
to a departure from group-additivity. This may explain why
AGY! and AGY) decrease at different rates initially for short
oligoglycines and oligoalanines (24) and suggests that
longer chain lengths will be needed to better resolve the
effects of flexibility and structural correlations on the solva-
tion free energy of each peptide unit.

Implications for aggregation of short
oligoglycines and collapse of long oligoglycines

If the scaling relationships we establish here hold, then
favorable enthalpic interactions with the solvent will
continue to drive the decrease in AG*! for long oligogly-
cines. However, long oligoglycines (N > ~15) collapse in
relatively dilute or infinitely dilute solutions as observed
in both experiment and simulation (14-16). In addition,
short oligoglycines become exceedingly insoluble with
visible aggregates forming for Glys at finite (millimolar)
concentrations (18,19). Thus, solvation does not drive the
aggregation of short oligoglycines and the collapse of long
oligoglycines.

We previously investigated the hydrophobic effect as a
potential force driving the collapse of decaglycine (20).
AG*® is often defined as the hydrophobic solvation free en-
ergy, and, as seen for macromolecules and various alkanes
(39), it is expected to increase roughly linearly with sol-
vent-exposed surface area AG®Y = y'4VA, where y'4¥ is
the implied surface tension, independent of the chemical
properties of the solute and A is the exposed surface area
(56,57). Others have suggested that AGY®™ should be split
into an attractive (AG™) and repulsive (AG™P) component
and that AG™P should increase linearly with A(AG™P =
Y™PA) (58,59). For a detailed review on various theories
of hydrophobicity, we refer to Harris and Pettitt (54) and
Ben-Amotz (60). A solvation free energy that increases
with A would favor the initial folding or collapse of proteins
by limiting the surface area exposed to solvent. Interest-
ingly, from our study of 50 conformations of decaglycine,
we found that AG¥®" actually favors extended conforma-
tions with v¥9" <0 because —y™ > y™P and that y™P was
weakly correlated, if at all, with A and depended on the
conformation of decaglycine (20). Taking N as a proxy
for A, in this study we also find that ¥ < 0, but it depends
both on force field and flexibility. While we did not further
decompose AG" here, it is reasonable to assume that the
attractive component outweighs the repulsive component.
Tomar et al. (61) similarly find that attractive peptide-sol-
vent dispersion interactions can prevent the collapse of
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deca-alanine. This seemingly counterintuitive observation
that water-mediated, hydrophobic interactions promotes
chain expansion rather than collapse as the surface area
(i.e., solute size or chain length) increases is discussed in
detail in Ben-Amotz (62).

A reasonable explanation for the observed collapse of
long oligoglycines and their insolubility is that peptide-pep-
tide interactions outcompete the still favorable peptide-sol-
vent interactions—an observation that could not have been
predicted from the solvation free energies of short, isolated
oligoglycines. Using single molecule fluorescence correla-
tion spectroscopy, Teufel et al. (15) found the hydrodynamic
radius of gyration (R;) of Gly, to be significantly less than
that of NME-Gly,, (wherein the amide hydrogens of Glyyg
were replaced with methyl groups). They conjectured that
the methyl groups preclude the formation of backbone
H-bonds resulting in the observed increase in solubility
and R, of NME-Gly,, relative to Gly,. In another study us-
ing MD simulations, Karandur et al. (16) found that the
collapse of Gly,s and Gly,5 may be explained by nonhydro-
gen-bonding, intrapeptide dipole-dipole interactions. In a
similar manner, these dipole-dipole correlations and charge
layerings were also observed to stabilize clusters or aggre-
gates of Glys (19). It appears that as chain length or concen-
tration increase, and subsequently the number of available
intra- or interpeptide interactions increase, these interac-
tions are favored over peptide-solvent interactions. Uversky
et al. (4) has noted that the extent of collapse or compaction
of IDPs is, in part, a length-dependent property and that
“...weak, intramolecular interactions can be unspecifically
amplified by an increase in protein size.”

Alternatively, if the thermodynamic scaling relationships
presented here do not hold, then at some longer chain
length, TAS**! may overtake AH**' and the initial collapse
of long oligoglycines would be entropically driven, as others
have noted (14). In this situation, collapsed states may be
further favored via backbone interactions. So group-additive
models would fail to predict the solvation thermodynamics
of long oligoglycines from short ones. However, the scaling
of AG®', AH*! and AS*°! with chain length for shorter oli-
goglycines may provide upper bounds on these quantities
for longer oligoglycines by explicitly neglecting structural
correlations between short segments that comprise the larger
chain. Further work will need to assess the predictive capa-
bilities of the scaling relationships we established, and
whether a thermodynamic transition exists in which a nega-
tive entropic component to the free energy drives collapse of
longer oligoglycines.

CONCLUSION

The structural ensemble of an IDP/IDR is the result of a com-
plex competition between intrapeptide and peptide-solvent
interactions (63-65). A number of determinants, like chain
length (4), sequence composition (5), and charge patterning
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(66), influence the propensity of an IDP/IDR to adopt
compact or extended structures. The protein trinity hypothe-
sis (1,2), and its variants (3), have been useful in classifying
or characterizing the structural properties of IDPs/IDRs and
relating those properties to biological function. Here, we
sought to gain insight into the solvation thermodynamics
of long chains by considering isolated, short oligogly-
cine chains more amenable to computational free energy
methods. IDRs, especially those found in the disordered reg-
ulatory domains of nuclear transcription factors (13), are en-
riched with oligoglycine tracts and glycine content (5,12).

We have performed a complete thermodynamic decompo-
sition of the solvation free energy into its enthalpic and
entropic components as well as each of their vdw and elec
contributions as functions of chain length. For both rigid
and flexible oligoglycine models, the decrease in AG*' with
chain length is enthalpically driven with only a weak entropic
compensation. Solvation free energies of alkanes and poly-
peptides are often measured by imposing positional con-
straints on their structures. Here we have shown that the rate
of decrease of AG*', AS*®!, AH*°! and their vdw and elec
components with N depends on conformational flexibility;
however, longer chain lengths may be needed to better resolve
differences between AG}) and AG}!. The differences in the
initial rate of decrease of AG}. and AGY)! for shorter oligo-
glycines may be due to local solvent reorganization around in-
dividual peptide groups brought on by correlated, structural
fluctuations (i.e., near and spatially distant neighbor effects)
as proposed by Tomar et al. (36). For these reasons, we
anticipate differences AG}! and AG{! to become more pro-
nounced for longer chain lengths where long-range interac-
tions (e.g. excluded volume) are more prominent and weak
peptide-peptide interactions are amplified.

Previously, we have shown that the C36 and ff12SB fields
yield considerably different conformational ensembles of
Gly; and Glyo with C36 sampling more extended oligogly-
cine structures (17). Even for Glys we find ff12SB to sample
more compact structures than C36 (data not published).
Interestingly, these force fields, both of which were param-
eterized with different structural and thermodynamic target
data, yield remarkably similar scaling relationships of
AGYL, ASYP! | and AHRL with chain length. This seems to
imply a degenerate relationship between conformational
ensemble and solvation thermodynamics, and complicates
the ability to make consistent mechanistic inferences.

A favorable, enthalpically driven solvation free energy
that continues to decrease with chain length (or surface
area) does not account for the observed insolubility of
Glys (18,19) or the preferred collapse of longer oligogly-
cines (14-16). Alternatively, our work supports the idea
that peptide-peptide interactions outcompete favorable pep-
tide-solvent interactions. Whether solvation entropy pro-
motes the collapse of longer oligoglycines outside this
scope of work remains to be seen. Attempting to pre-
dict the solvation thermodynamics of longer, disordered



polypeptides from that observed for shorter chain segments
where intrapeptide interactions are limited may be problem-
atic and render group-additive models less useful.

While there is a tendency for long oligoglycines to collapse,
they adopt a diverse set of conformations (14,16,17,21,67)
with shorter chain segments assuming extended conforma-
tions more exposed to the solvent. This observation, in
combination with the fact that we find short oligoglycine
tracts to favorably interact with solvent, may suggest that
the conformational ensemble of long oligoglycine chains
could be shifted to favor more extended or collapsed states
without the need to overcome excessively high free energy
barriers. In this way, the protein backbone provides a scaffold
amenable to both collapsed-disorder and extended-disorder
and that evolutionary forces have selected unique combina-
tions of side chains to alter the distribution of these two states.

APPENDIX A

The free energy change at a particular A, AG;, is a nonlinear function of AU;
measured from an MD simulation and is given by Eq. A.1 below. We drop the
vdw and elec superscripts as the following applies to both components.
While the simulations were performed in the NPT ensemble, we are
neglecting the small contributions of pressure and volume to the free energy.

1 1 i
30, = —gin |y 3 (600,

1

(A.1)

where N; is the number of observations or frames from a simulation with 2;,
j indexes each frame, and AU;; = U(%i+1); — U(4;);. AG is then the sum of
the contributions AG;:

AG = > AG, (A.2)

where n is the number of A-values and will differ for the vdw and elec
components.

Time correlation analysis

For a function f(x1,x;...), that is a linear combination of independent,
random variables xj, x,..., the variance of f(x;,x,...) is given by Eq. A.3
(i.e. error propagation):

ar\’ o\’
2 _ (Y 2 Y 2
o = (6x1> I (axz) R

To calculate the variance of AG; at A; (aiG’ ), we apply Eq. A.3 but with only
one independent variable (AU;), to Eq. A.1, which gives

(A.3)

1 (exp(—26AU))), 1
aiG; = it 2 2 T elt g2 (A4)
NG~ (exp(—BAU,));, Ni'B
eff 1
N = T (A.5)
At

fof is the effective number of independent observations from a simula-
tion, 7; is the correlation time, and Az is the time interval at which the AU;
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values were saved. To determine 7;, we first generated the time ACFE, C(r),
of exp(—BAU;(t)) for each simulation. Visual inspection of the ACFs
showed an initial, rapid decay in correlations, followed in many cases by
a second, slower decay as the ACF approaches zero. Due to the large num-
ber of simulations and to capture the two-phase decay, we fit the ACFs with
a double exponential function:

—t —t
Cr(tivi,72) = Alexp<7—) +A2exp(7—>, (A.6)

1 2

where v, and v, are the decay rate constants and y; < 7,. If the double
exponential fit failed or A, < 0.01, the ACFs were fit with a single exponen-
tial. To improve the likelihood of capturing the true correlation time, the
correlation times were conservatively estimated as 7; = 4y, or 7; = 4+,
for the double or single exponential fits, respectively. In the situations where
the fits yielded 7; < 0, we took a conservative approach and set 7; to 1 ps
(i.e., Af). These correlation times were used with Eq. A.4 to estimate the
errors, o). and 0S¢5, (square root of the variance), in AG*%¥ and AG®'*
at 300 and 320 K. For the FD approach, Eq. A.3 was used to estimate errors
in AG*! at both temperatures, AS*!, AH*°!, and their vdw and elec compo-
nents. For the EP approach, ACFs of U*(r) and U#*(t) were similarly fit to
Eq. A.6 and their autocorrelation times estimated as described above. Var-
iances of (U*) and (U#*) were adjusted for the effective number of inde-
pendent observations (Eq. A.5), and Eq. A.3 was used to estimate the error
in AH*! at 300 and 320 K. Equation A.3 was then used to estimate the error
in AS*! at both temperatures.

BSE analysis

Separately for the vdw and elec components, we construct a matrix of
AU; -values in which the columns are particular A-values that span either
A% or 2° and the rows are time points. The matrix has dimensions
N x n, where N is the total number of frames and n is the number of
A-values—subscripts have been dropped because all simulations for the
vdw and elec pathways, respectively, were simulated for the same length
of time and number of A-values. The matrix is then broken into blocks of
a particular length such that N = M x b, where M is the number of subma-
trices of dimensions b x n and b is the block length. For a given b, AG
values are calculated using Eq. 1 for each of the M blocks. The BSE is
the standard deviation of these block free energies divided by the square
root of the number of blocks, M. A series of BSE values are computed
for a range of block lengths and the error is estimated at the point in
which the BSE curve plateaus or BSE stops varying with block length.
A maximum block length of 8 and 12 ns were used for fixed and flexible
Gly,.4 and flexible Glys, respectively. Taking a conservative approach,
we estimate the errors ojyss and ogss in AG¥® and AG*® by taking the
maximum BSE across the range of block lengths. Equation A.3 was used
to estimate the errors in solvation free energy at 300 and 320 K, solvation
entropy, solvation enthalpy, and their vdw and elec components. For the EP
approach, BSEs were calculated in a similar manner except with (U*) or
(U#*) estimated within each block. Equation A.3 was then used to estimate
the BSE of AH*! = (U*) — (U&*), which was further combined with the
BSE of AG* to yield the BSE of AS**' at both temperatures.

SUPPORTING MATERIAL

Five figures and seven tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(16)30545-8.
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Figure S1: Differences in solvation free energy and its vdw and elec components between C36 and
ff12SB at 300K (left) and 320K (right). Black and gray bars are the results for the rigid and flexible
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Figure S2: Solvation entropy calculated by the end point energy approach (see Methods) at 300K (top

row) and 320K (bottom row) with the C36 (left) and ff12SB (right) force fields.
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Figure S3: Differences in solvation entropy and its vdw and elec components between C36 and ff12SB
calculated at 310K using the finite difference approach (left). Black and gray bars are the results for the
rigid and flexible oligoglycine models, respectively. The right figure shows differences in the overall

solvation entropy between force fields at 300K and 320K from the end point energy approach.
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Figure S4: Solvation enthalpy calculated by the end point energy approach at 300K (top row) and 320K

(bottom row) with the C36 (left) and ff12SB (right) force fields.
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Figure S5: Differences in solvation enthalpy and its vdw and elec components between C36 and ff12SB
calculated at 310K using the finite difference approach (left). Black and gray bars are the results for the
rigid and flexible oligoglycine models, respectively. The right figure shows differences in the overall

solvation enthalpy between force fields at 300K and 320K from the end point energy approach.



Table S1: Oligoglycine solvation free energies

CHARMM36 Amber ff12SB
Flexible Rigid/Ext Flexible Rigid/Ext
N Temp. AGYW opaw Ui aqudw oW oW AAGYW | IN Temp. AGIY gpi gUW agiW i W apghW
2 300 0149 0031 0009 -0203 0023 0010 -0352 | |2 300 1.000 0029 0012 0498 0026 0011 -0502

320 0771 0024 0.01 0442 0.023 0011 -0329 320 1530 0029 0010 1110 0022 0012 -0.417
3 300 -0.034 0034 0.018 -0.842 0.031 0.013 -0.808 3 300 0.727 0.035 0.011 -0003 0027 0014 -0730

320 0641 0032 0.012 -0.002 0034 0011 -0.643 320 1330 0031 0011 0.744 0027 0013 -0.583
4 300 -0558 0039 0.023 -1.483 0.032 0014 -0.925 4 300 0.178 0.043 0.021 -0538 0033 0015 -0716

320 0169 0.038 0.019 -0.491 0.037 0.012 -0.660 320 0.649 0.039 0.016 0386 0036 0014 -0.453
5 300 -0998 0065 0.024 5 300 -0283 0058 0.021

320 -0.234 0.051 0.018 320 0.406 0.054 0.026

N Temp. AGHY offt ofE  AGET offE ofE AAGE Temp. AGHY of% o AGEF o5 o AnGE®
2 300 -18580 0052 0.012 —17.461 0021 0008 1118 ||2 300 -20835 0.097 0015 -18918 0016 0008 1.917

=

320 -18389 0.043 0.011 -17.204 0023 0009 1.185 320 -20512 0086 0016 -18588 0019 0008 1.924
3 300 -24014 0352 0049 -22079 0024 0010 1.935 3 300 -25.433 0279 0040 -23.927 0021 0009 1506

320 -23.718 0.263 0046 -21.705 0.024 0008 2013 320 -25014 0267 0039 -23502 0033 0010 1512
4 300 -26926 0653 0129 -26.700 0036 0.011 0.226 4 300 -27.729 0473 0076 -29.029 0.027 0011 -1300

320 -26568 0479 0096 -26.247 0023 0010 0321 320 -27.406 0351 0066 -28476 0021 0012 -1.070
5 300 -30564 1.035 0.238 5 300 -30362 1.016 0.116

320 -29.800 1.010 0.135 320 -29.826 0.632 0.085

=

N Temp. AGH. o oFe  ac® o2 o ArG® Temp. AGE &P o2 AcP oY 0P Anc®
2 300 -18.431 0060 0.015 -17.664 0031 0013 0767 | |2 300 -19.834 0101 0.019 -18420 0030 0.014 1414

320 -17618 0.048 0016 -16.762 0.033 0014 0856 320 -18987 0080 0019 -17481 0029 0014 1506
3 300 -24048 0354 0052 -22921 0039 0016 1.127 3 300 -24706 0.282 0.041 -23.930 0.034 0017 0776

320 -23.078 0.265 0048 -21.708 0.042 0014 1370 320 -23.687 0.269 0.041 -22.758 0043 0016 0.929
4 300 -27.485 0654 0.131 -28.182 0049 0018 -0.687 4 300 -27550 0.475 0079 -295687 0043 0019 -2017

320 -26.400 0451 0098 -26.738 0043 0016 -0338 320 -26556 0353 0068 -26089 0042 0018 -1.533
5 300 -31.562 1.037 0.239 5 300 -30645 1.017 0.118

320 -30.134 1.012 0136 320 -29.422 0635 0.089

Solvation free energies of Gly, s either fixed in a rigid-extended conformation (subscript “fix”) or allowed
to sample conformation space with no physical constraints (subscript “flex”) at 300K and 320K. Results
for the van der Waals (vdw), electrostatic (elec), and overall (sol) solvation free energies are reported
from top to bottom in units of kcal/mol for the C36 (left) and Amber ff12SB (right) force fields. AAG's

are provided as the difference between AGy;, and AGye, for each component and the overall solvation

free energy at both temperatures. N is the number of glycine residues, 674 and g£¢ are the errors in
ACF ACF

AGY?Y and AG®¢, respectively, calculated from an autocorrelation time analysis (see Methods), and

op%¥ and oL are the errors in AGV®W and AG®'¢, respectively, calculated from a block standard error



analysis. Error propagation was used to compute

o+ ¢

eleC)z

OBSE

sol

OacF =

e+ ¢

elec
0ACF

)2 and o5k =

Table S2: Oligoglycine solvation entropies calculated by the finite difference approach

CHARMM36
Flexible Rigid/Ext
viw _vdw _vd vdw vdw vd
N ASHEY O Opse  ASH" OACF Opse
2 -31.10 196 071 -3225 163 074
3 -33.75 233 1.08 -4200 230 085
4 -3635 276 149 -4960 245 092
5 -3820 413 1.50
| I | ! | }
ASfiex OACE OBSE  DSf~ OACF OBSE
2 -955 337 081 -1285 156 0.60
3 -1480 21.97 336 -1870 170 064
4 -17.90 4049 804 -2265 214 074
5 -33.20 7231 13.68
| | | I | |
ASfex Oace OBse  ASfy OAcr Ogse
2 -4065 387 108 -4510 226 096
3 -4850 2211 353 -6065 287 1.07
4 -5425 4059 818 -7220 3.26 1.18
5 -71.40 7245 13.76

-1.15
-8.25
-13.25

Mselec
-3.30
-3.90
-4.75

AAS™

-445
-12.15
-17.95

o p WP o p O 2

oW

Amber ff12SB

Flexible Rigid/Ext

vdw _vdw _vd vdw _vdw v
ASfey Opcr Ogse  ASEY OACF Opsr
-2625 205 078 -3050 1.70 0.81
-30.00 234 078 -3737 191 096
-3355 290 132 -4620 244 103
-3445 396 167

lec elec elec lec _elec elec
ASfiex’ Opck 9esE  ASfix OAcF 9BSE
-1615 648 110 -1650 1.24 057
-2095 1931 279 -21.25 196 067
-16.15 29.45 503 -2765 1.71 081
-26.70 59.83 7.19

| | | | | I
ASfex Oack OBse DSy OAcF Opse
-4235 676 135 -4695 209 0099
-5095 19.49 290 -5860 274 117
-4970 2959 520 -73.90 3.01 131
-61.15 5995 738

AASYIW
-4.25
-737

-1265

Msmer.
-0.35
-0.30

-11.50

AAS™
-4.60
-7.65

-24.20

Solvation entropies of rigid and flexible Gly,.s calculated by the finite difference approach (FD). Results

for the vdw, elec, and overall solvation entropies are given from top to bottom for C36 (left) and ff12SB

(right). Units are in cal/mol/K. Errors in ASY®W, AS€'€¢ and ASS°! were calculated by propagating,

separately, the ACF and BSE errors in AGV%Y, AG®'¢¢, and AGS°!. AAS's are provided as the difference

between ASy;, and ASgjey.

Table S3: Oligoglycine solvation entropies calculated by the end point energy approach

=z

Temp.
2 300
320
3 300
320
4 300
320
5 300
320

CHARMM36
Flexible Rigid/Ext

AST, OiF OB%  ASEY  oitF oty Aas™
-37.970 8349 4880 -44063 7.461 4244 -6.093
-35.159 7.748 4435 -36.266 8073 3.875 -1.106
-58.583 8301 3.944 -62.440 8224 4227 -3.857
-48397 8.105 4328 -59.694 8101 4200 -11.297
-42957 7.243 4670 -79540 7778 4554 -36.583
-40.438 7.606 4.697 -71.469 8042 4275 -31.031
-55280 8056 3.214

-47.609 7.293 3.575

4

Amber 1{12SB
Flexible Rigid/Ext

Temp. AS[, Oitr OBt  AS}Y  ORdr ORde
300 -46937 8397 4727 -48.120

320 -44500 7.608 3.854 -40.869

300 -48573 8489 4742 -63.540

320 -49981 7.870 4330 -57.369

300 -54993 7623 5230 -78.983

320 -44.156 8602 4318 -79.888

300 -52093 7.727 4029

320 -44809 7535 4718

Mssol

7.067 4874 -1.183
7.579 4710 3.631

8481 4914 -14967
B8.651 4828 -7.388
7.851 4570 -23.990
7.192 4703 -35.731




Solvation entropies of rigid and flexible Gly,.s calculated by the end point energy (EP) approach at 300K

and 320K with the C36 (left) and ff12SB (right) force fields. Errors in AGS°! were propagated with those

in AHS°! estimated by the EP approach at both temperatures to yield error estimates of ASS%. AAS's

are provided as the difference between ASg;, and ASg;ey.

Table S4: Oligoglycine solvation enthalpies calculated by the finite difference approach

AHEY
-9.18
-10.16
-11.46
-12.46

O op W 2

AHE
-21.44
-28.45
-3230
-4052

(S I S\

AH
-30.63
-38.60
-43.76
-52.98

LS IR e (b ]

Flexible

vdw
9acF

0.61
0.72
0.86
1.28
o
1.05
6.82
12.56
2243

UE%F
1.20
6.86

12.59

22.47

CHARMM36
Rigid/Ext
vd vdw _vdw _vd
Opst  AHpy" OACF OpsE
0.22 -988 050 023
034 -13.44 071 026
0.46 -1636 0.76 029
0.47
| | | b
OBSE AHix~ OACF O9BSE
0.25 -2132 048 0.19
1.04 -2769 053 020
249 -33.49 066 023
424
| 1 | |
Opse  AHix Oicr OBse
034 -31.19 070 030
1.10 -41.12 089 033
254 -4984 101 037
427

AAHde

-0.70
-3.28
-4.90

AAHE®E
0.13
0.76

-1.20

-0.57
-2.52
-6.08

O op WP np AN Z

(S S Y

Amber ff12SB
Flexible Rigid/Ext

vdw _vdw v viw _vdw  vd
OHjey OACF OBse  OHpL" OacF OpSE
-687 064 024 -865 053 025
-827 073 024 -11.21 059 030
-989 090 041 -1440 076 032
-1062 123 052

| | I | | |
OHfex OACF OBSE AHfx- OACF OBSE
-2568 201 034 -23.87 039 0.18
-31.72 599 087 -3030 061 021
-3257 914 156 -3732 053 025
-3837 1856 223

| | | | | |
AHie, ORcF Opse  AHi OAcF Opse
-3254 210 042 -3251 065 031
-39.99 6.04 090 -4151 085 036
-4246 918 1.61 -51.74 093 041
-4899 1860 229

MHvdw

-1.78
-2.94
-4.51

MHeIe:
1.81
1.42

-4.75

0.03
=152
-9.28

Solvation enthalpies of rigid and flexible Gly,.s calculated by the FD approach at 310K. Results for the

vdw, elec, and overall solvation enthalpy are given from top to bottom for C36 (left) and ff12SB (right).

Units are in kcal/mol. Errors in AHY®W, AH®'®¢, and AHS°! were calculated by propagating, separately,

the ACF and BSE errors in AGY®", AG®'®¢, and AG®°!. AAH's are provided as the difference between

AHflx and AHflex'




Table S5: Oligoglycine solvation enthalpies calculated by the end point energy approach

CHARMM36
Flexible Rigid/Ext

N Temp AR, ORgr Ok  OHiX  ORdr OB%e
2 300 -20.822 2504 1.464 -30.883 2238 1.273

320 -28869 2479 1419 -28367 2583 1.240
3 300 -41623 2465 1.182 -41.653 2467 1.268

320 -38565 2580 1384 -40.810 2592 1344
4 300 -40372 2072 1395 -52044 2333 1.366

320 -39340 2386 1500 -49.608 2573 1368
5 300 -48146 2183 0934

320 -45369 2103 1.136

AAHT
-1.061
0.502
-0.030
-2.245

-11.672

-10.268

=z

Amber {f12SB
Flexible Rigid/Ext

Temp. AHR, Ooitr OB%e  AHN oRtr oRde
300 -33.915 2517 1.418 -32856 2120 1.462
320 -33.227 2433 1.233 -30.559 2425 1507
300 -39278 2531 1.422 -42992 2544 1.474
320 -39681 2504 1385 -41.116 2768 1.545
300 -44.048 2237 1567 -53.262 2355 1371
320 -40686 2730 1380 -53.653 2301 1.505
300 -46273 2083 1203

320 -43.761 2326 1.507

MHsnl
1.059
2.668

-3.714

-1.435

-9.214

-12.967

Solvation enthalpies of rigid and flexible Gly,.s calculated by the end point energy approach at 300K and

320K with C36 (left) and ff12SB (right). Errors in AHS! (

details can be found in the Methods section and Appendix A. Units are in kcal/mol and AAH's are

provided as the difference between AHy;, and AHpjey.

sol

OBSE» OBSE

sol

) were directly calculated and the




Table S6: Solvation thermodynamics calculated by the finite difference approach at 310K

CHARMM36
Flexible Rigid/Ext

N ACEE MM gpagule Apie A _pESEe  BAGY AR _TAKE™™
2 046 -918 964 012 -9.88 10.00 -034 -070 035
3 030 -10.16 1046  -0.42 -13.44 13.02 -0.73 -328 256
4 -019 -1146 1127  -099 -1636 1538 -079 -490 411
5 -062 -1246 11.84

N AGHS AHEES -TASHS AGHS AHE® -TASH®  AAG™® AAH®™C -TAAS®™®®
2 -1848 -2144 296  -17.33 -2132 398 115 013 1.02
3 -2387 -2845 459  -2189 -2769 580 197 076 1.21

4 -2675 -3230 555  -2647 -3349 7.02 027 -120 1.47
5 -3023 -4052 10.29

N AGH, AHR -TASE, AGE AHE  -TasE  AAG® AAH®  -TAAS™
2 -1802 -3063 1260 -17.21 -31.19 1398 081 -057 138
3 -2356 -3860 1503 -2231 -41.12 18.80 125 -252 377
4 -2694 -4376 1682 -27.46 -49.84 2238 -052 -608 556
5 -30.85 -5298 2213

Amber ff12SB
Flexible Rigid/Ext

N AGEN AIDN _JASKM AQKw AR _pasYiS  AACYR ARHYSS _TAASY
2 126 -687 814 080 -8.65 946 -046 -178 1.32
3 103 -827 930 037 -1121 1158 -066 -294 228
4 051 -9.89 1040  -0.08 -1440 14.32 -059 -451 3.92
5 006 -1062 1068

N AGHes AHHSS -TASHes AGHS AHR -TASE®  AAG™F AAH™C _TAAS®™®®
2 -2067 -2568 501  -1875 -23.87 5.11 192 181 0.11
3 -2522 -3172 649  -2371 -3030 659 151 142 0.09
4 -2757 -3257 501  -2875 -37.32 857 -1.18 -475 357
5 -30.10 -3837 828

N AGE, AHR. -TASR, AGE AHE -TASE  AAG® AAH™  -TAAS™
2 -19.41 -3254 1313 -17.95 -3251 1455 146  0.03 1.43
3 -2420 -3999 1579  -2334 -4151 1817 085 -152 237
4 -27.05 -4246 1541  -2883 -5174 2291 -1.77 -928 750
5 -3003 -4899 18.96

Solvation thermodynamics of rigid and flexible Gly,.5 calculated by the FD approach at 310K. Results for
each component and the overall solvation free energy are shown from top to bottom within each panel

for C36 (top panel) and ff12SB (bottom panel). AG°! at 310K was approximated as the average of AG°!



at 300K and 320K. Differences in each thermodynamic quantity between the rigid and flexible

oligoglycine models are shown on the right side of each panel. All units are in kcal/mol.

Table S7: Solvation thermodynamics calculated by the end point energy approach at 300K and 320K

Solvation thermodynamics of rigid and flexible Gly,_s calculated by the EP approach at 300K (top row)

and 320K (bottom row) with the C36 (left) and ff12SB (right) force fields. Differences in each

thermodynamic quantity between the rigid and flexible oligoglycine models are shown on the right side

of each panel. All units are in kcal/mol.

CHARMM36 Amber ff125B
Flexible Rigid/Ext Flexible Rigid/Ext
N AGRL AHRE -Tas®E  AGE AHE -Tasy®  AAG® AAH® _TAAS™ | [N AGH, AHEL -TasE,  AGE  aHE -Tasy®  AAG® aaH® -TAAS™
2 -1843 -2082 1139  -17.66 -30.88 1322 077 -106 183 2 -19.83 -33.92 1408 -1842 -3286 14.44 141 106 036
3 -2405 -4162 1758 -22092 -4165 1873 113 -003 116 3 -2471 -39.28 1457  -2393 -4299 19.06 078 -371 449
4 -2749 -4037 1289 -28.18 -5204 2386  -0.70 -1167 1098 | |4 -2755 -4405 1650 -2957 -5326 2370  -202 -921 720
5 -3156 -48.15 16.58 5 -30.65 -4627 1563
CHARMM36 Amber ff125B
Flexible Rigid/Ext Flexible Rigid/Ext
N AGH: AHIS, -TASH  AGHR  AHPY -TASE  AAG™ AAH® -TAAS™ | [N AGHS, AHID, -TASE, AGH AHEY -TAS]Y  AAG™ AAH™ -TAASS
2 -1762 -2887 1125 -16.76 -28.37 1161 086 050 035 2 -1899 -3323 1424  -17.48 -30.56 13.08 151 267 -1.16
3 -2308 -3857 1549  -21.71 -40.81 19.10 137 -225 362 3 -2369 -39.68 1599  -2276 -41.12 18.36 093 -144 236
4 -2640 -3934 1294  -2674 -49.61 2287  -034 -1027 993 4 -2656 -4069 1413  -2809 -5365 2556  -153 -1297 1143
5 -30.13 -4537 1524 5 -2942 -4376 14.34




	Solvation Thermodynamics of Oligoglycine with Respect to Chain Length and Flexibility
	Introduction
	Materials and Methods
	System
	General simulation parameters
	Free energy perturbation simulations
	Solvation free energy
	Solvation entropy and enthalpy
	Error analysis

	Results
	Solvation free energy
	Solvation entropy
	Solvation enthalpy
	Error analysis

	Discussion
	Scaling of solvation free energy, enthalpy, and entropy with chain length and the effects of flexibility
	Force-field comparison
	Implications for group-additivity
	Implications for aggregation of short oligoglycines and collapse of long oligoglycines

	Conclusion
	Appendix A
	Time correlation analysis
	BSE analysis

	Supporting Material
	Author Contributions
	Acknowledgments
	References


