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Supporting Materials and Methods
S1. Simulations of Salt-Bridge Formation using Polarizable Force Fields

CHARMM Drude-2013 simulations. Systems were initially prepared with the CHARMMS36 force field
using psfgen,’? equilibrated using NAMD 2.10.0,% and uploaded to the CHARMM-GUI server to obtain
Drude-2013 topologies.*®> The Drude-2013 systems were then subjected to another round of energy
minimization and equilibration prior to production simulation. The equilibration process for these
systems involved three stages of unrestrained simulation in which a 1-ps simulation was first performed
at constant pressure using a 0.1-fs timestep, followed by a 20-ps simulation at constant pressure using
a 0.5-fs timestep, and finally a 1-ns simulation at constant pressure using a 1-fs timestep. Production
simulations were then carried out for 100 ns at constant pressure using a 1-fs timestep. Throughout
equilibration and production temperature was maintained at 298 K using a dual Langevin thermostat
(frictional constant of 1 ps™) and 1 K for Drude particles (frictional constant of 20-ps™),® while pressure
was maintained at 1 atm using a Langevin piston barostat (piston period and decay time of 200 fs and
100 fs, respectively).” Van der Waals interactions were smoothly switched off between 8 and 10 A,
while short-range electrostatic interactions were truncated at 10 A and long-range electrostatic
interactions were calculated using the particle mesh Ewald method.? To enable a 1-fs time step, a hard-
wall barrier was applied to restrict the maximum distance between Drude particles and their hosts to 0.2
A and bonds to hydrogen were constrained to their equilibrium lengths using the M-SHAKE
algorithm.™

AMOEBA simulations. Systems were built using TINKER and converted to AMBER format using the
AMBERTOooIs 15 software package.'"'® Each system was subjected to energy minimization followed by
a 20-ps simulation at constant temperature and a 1-ns simulation at constant pressure. Production
simulations were then carried out for 50 ns at constant pressure. Throughout equilibration and
production temperature was maintained at 298 K using a Langevin thermostat (frictional constant of 1
ps™"), while pressure was maintained at 1 atm using a Berendsen barostat (time constant of 1-ps)."
Van der Waals interactions were truncated at 12 A, while short-range electrostatic interactions were
truncated at 7 A and long-range electrostatic interactions were calculated using the PME method.?
Dynamics were integrated using a 1-fs timestep.

S2. Derivation of Amino Acid Side-Chain Analogue Parameters with AMOEBA

Parameters that are consistent with the AMOEBA polarizable force field were derived for imidazolium,
guanidinium, and acetate using the software Poltype.’* The structures of these side-chain analogues
were optimized at the HF/6-31G* level of theory, followed by density calculation at the MP2/6-311G**
level of theory using the Gaussian 09 software package.'® Multipoles were fit using Stone’s distributed
multipole analysis as implemented in the GDMA program,'®'” and refined via fitting of the electrostatic
potential using a convergence criterion of 0.1 kcal/mol-electron®. Van der Waals radii and well-depths
were assigned based on both the element and valence orbitals of each atom, while atomic
polarizabilities were assigned based solely on the element. Parameters for bonded interactions were
selected based on the analogues’ chemical connectivity from a database of small-molecule
parameters.'

S3. Simulations of GBS, Ubiquitin, and Binase with AMBER ff99SB-ILDN and CHARMM22*
Systems for the simulations reported in Figure S1 were prepared and equilibrated using the Desmond
3.0.1.0 software package.'® Each system was subjected to energy minimization followed by a 20-ps

equilibration at constant temperature, and a 1-ns equilibration at constant pressure. Temperature was
maintained at 298 K and pressure at 1 atm using the Martyna-Tobias-Klein thermostat and barostat
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(time constants of 1 ps and 2 ps, respectively).’® To enable a 2-fs time step, bonds to hydrogen were
constrained to their equilibrium values using the M-SHAKE algorithm.'® A short-range nonbonded cutoff
of 10 A was used, and long-range electrostatics were calculated using the particle mesh Ewald (PME)
method.®

Production simulations were carried out for 1 us at constant pressure using a 64-node Anton special-
purpose supercomputer and the Multigrator integrator.?®?' Temperature was maintained at 298 K using
the Nosé-Hoover thermostat and pressure at 1 atm using the Martyna-Tobias-Klein barostat (time
constants of 1 ps). To enable a 2.5-fs time step, bonds to hydrogen were constrained to their
equilibrium values using the M-SHAKE algorithm.”® Van der Waals and short-range electrostatic
interactions were truncated at 10 A; long-range electrostatic interactions were calculated using the
Gaussian split Ewald method,?* and were updated every third timestep.
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Figure S1. Comparison of simulated vs. experimental rotational correlation times 1. of GB3, ubiquitin,
and binase. Simulated 1. values were obtained using two different force fields (AMBER ff99SB-ILDN
and CHARMM22*)?*#* and four different water models (SPC/E,, TIP3P, TIP4P-D, and TIP4P-Ew).* 2
Experimental 1, values were measured using NMR relaxation and corrected for differences in
temperature and D,O content between simulation and experiment.?** Error bars represent 95%
confidence intervals; standard errors were obtained by dividing each 1-us simulation into five 200-ns
blocks and calculating the standard deviation.
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Figure S2. Probability of binding (Pwouna) between acetate and one or more molecules of three cationic
side-chain analogues using the ff14ipq and ff15ipq charge sets paired with different Lennard Jones
radii. The ff13a radii tested with ff14ipq included an increase in the o of the carboxylate oxygen (type
‘0’) and a decrease in the ammonium nitrogen (type ‘N’) relative to ff94;>® the final version used ‘mixed
radii’ in which the ff13a o were applied only to interactions with water.>* The ff14ipq force field was
simulated with the TIP4P-Ew water model,?® while ff15ipq was simulated with SPC/E,.?°> The Ppound
values corresponding to the experimentally-determined K, values of guanidinium acetate and
butylammonium acetate are depicted as horizontal gray bars;35’36 no experimental value is available for
the imidazolium acetate system. Error bars represent 95% confidence intervals calculated using a block

averaging method.*’

[Uam -Umm|
(kcal/mol)

ASH CYM CYX GLH HID HIP  LYN NLE

Backbone torsion class

[ Neutral E Negatively-charged B Positively-charged
Figure S3. Distributions of errors in molecular mechanical energies Uuy relative to their quantum
mechanical targets Uqu for amino acid dipeptides representing alternative protonation states (Ash,
Cym, Gih, Hid, Hip, Lyn), the disulphide form of cysteine (Cyx), and the noncanonical amino acid
norleucine (Nle). 25", 50™, and 75" percentiles are represented by horizontal lines, and root mean
square errors are represented by white circles. Each dataset is colored by its corresponding backbone
torsion class.
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Figure S4. Comparison of residue-specific conformational preferences of the central residue of Ace-
Ala-Xaa-Ala-Nme tetrapeptides observed in umbrella sampling simulations with distributions of Ala-
Xaa-Ala obtained from the Neighbor-Dependent Ramachandran Distribution (NDRD) dataset consisting
of loop conformations observed in experimentally solved structures.®® Simulations were performed
using four different force fields (AMBER ff15ipq, ff14ipq, ff14SB, and CHARMMZ36),"**%* which were
each paired with either the water model with which they were derived or that with which they are most-
commonly used. For each system, both the absolute free energy as well as the difference in free
energy relative to Ala-Ala-Ala is shown. Regions in which the free energies of both Ala-Xaa-Ala and
Ala-Ala-Ala are greater than 5 kcal/mol are omitted for clarity.
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Figure S5. Secondary structure (A) and per-residue backbone RMSD relative to the crystal structure
(PDB code 5PTI)* (B) of BPTI observed over the course of a 10-us simulation.
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Figure S6. Backbone conformational sampling of BPTI observed in a 10-us simulation. The ®/W angles
observed in the crystal structure (PDB code 5PTI)*® are shown as gray points. Overall retention of the
crystal conformation of most residues is good; regions of deviation mentioned in the main text are

highlighted in blue.
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Figure S7. Secondary structure (A) and per-residue backbone RMSD relative to the crystal structure
(PDB code 2F4K)*' (B) of the double-norleucine mutant of the villin headpiece subdomain observed

over the course of a 10-us simulation.
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Figure S8. Backbone conformational sampling of the double-norleucine mutant of the villin headpiece
subdomain observed in a 10-ps simulation. The ®/W angles observed in the crystal structure (PDB
code 2F4K)*' are shown as gray points. Overall retention of the crystal conformation of most residues is
good; regions of deviation mentioned in the main text are highlighted in blue.
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Figure S9. Secondary structure (A) and per-residue backbone RMSD relative to the NMR structure
(PDB code 1P7E)*? (B) of GB3 observed over the course of a 10-us simulation.

16



GB3

180
. e N | o ® 1w g | N
-180 Gin 2 Tyr3 Lys 4 Leu5 Val 6 lle 7 Asn8| = Gly 9 Lys 10
E SRR LSS 4 @ - Z
wo'@'%' BN EEEE RN RN EEEn . '
-180 Thr 11 Leu 12 Lys 13| = | GlyZ Glu 15 Thr 16 Thr 17 Thr 18 Lys 19
|- =) | S)
Y o |
® ) ® ® ° ) ®
180 Ala 20 Val 21 Asp 22 Ala 23 Glu 24 Thr 25 Ala 26 Glu 27 Lys 28
Y o L | L | I | ! | I I — I I
o (I8 |le e |a |& | [& (%
180 Ala 29 Phe 30 Lys 31 Gin 32 Tyr 33 Ala 34 Asn 35 Asp 36 Asn 37
ﬁ @ ® \ (5
Y o4 @ @ { 0@ ! —
-180 Gly 38 Val 39] | = |Asp 40 R& Gl.y54i1i Val 42 Trp 43 Thr 44 Tyr 45 Asp 46
© ® ®
180 Asp 47 Ala 48 Thr 49 Lys 50 Thr 51 Phe 52 Thr 53 Val 54 '@ Thr 55
-180 0 -180 0 -180 0 -180 0 -180 0 -180 0 -180 0 -180 0 -180 0 180
(] (0] (0] (] (0] () (] (0] (]

Figure S10. Backbone conformational sampling of GB3 observed in a 10-us simulation. The ®/W
angles observed in the NMR structure (PDB code 1P7E)* are shown as gray points. Overall retention
of the NMR conformation of most residues is good; regions of deviation mentioned in the main text are
highlighted in blue.
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NMR relaxation, 600 MHz

1.0

Order parameters

A D. o 4,0 T ITT T o e
. 0 il i
ooooo oo b e®odosomdoonht Sommbooseettosgenetegoet i
R, 2_#-.4%“-#%#& . 06 ++*++
04 - .
1
02 A
0 00 4 T . . . . .
1B 1 10 20 30 40 50 56
g Residue
6 [l Experiment (Hall et al.) I ff15ipq
R: %+M‘i*m+ T, akkiitip it
4 4
2 4
0 Error in ff15ipq simulation relative to experiment
1.0 80
o c @, E
] u S 39 60 4
Het 06 4 T b e et Fobebge b S
e e t M 0+o. N .0¢+ I ¢ -g‘é' 40
NOE o, tH ' (S
© S
02 §£ 20 4
0.0 0

30 40 50
Residue

20

B Experiment (Hall et al.) I ff15ipq

56

Residue

Ry MR, [ Heteronuclear NOE | s?

Figure S11 Comparison of NMR relaxation and order parameters for the GB3 protein from simulation
and experiment. All parameters from simulation were calculated by applying the iRED method® to a set
of ten 200-us simulations with the ff15ipq force field, considering the autocorrelation function of each
backbone N-H vector to 17 ns, which is five times the overall rotational correlation time (t1.) of the
protein.** Experimental R;, R, and heteronuclear NOE data were available at five magnetic field
strengths (400, 500, 600, 700, and 800 MHz), and experimental order parameters (S° were based on
the combined data set from all five magnetic field stengths.?® At a magnetic field strength of 600 MHz
(A, B, C), ff15ipq yields good agreement in Ry, reasonable agreement in Ry with a consistent offset,
and somewhat poorer agreement in heteronuclear NOE; similar agreement is achieved at other
magnetic field strengths. Error bars represent 95% confidence intervals; standard errors were obtained
by calculating the standard deviation across the ten simulations. Comparison of simulated and
experimental S?values (D) shows acceptable agreement, with deviations in many of the same regions
as those observed for the NMR relaxation parameters. The mean absolute percent error (MAPE) in
simulated Ri, Ry, and heteronuclear NOE (E) was calculated by averaging the proportional errors in
each parameter across the five magnetic field strengths, while the error in S® was calculated relative to
the single experimental dataset. Residues with above-average MAPE in R and Ry, including Leu 12,
Asp 40, and Gly 41, are discussed in the main text.
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Figure S12. Secondary structure (A) and per-residue backbone RMSD relative to the crystal structure
(PDB code 1UBQ)* (B) of ubiquitin observed over the course of a 10-us simulation.
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Figure S13. Backbone conformational sampling of ubiquitin observed in a 10-us simulation. The ®/W
angles observed in the crystal structure (PDB code 1UBQ)* are shown as gray points. Overall
retention of the crystal conformation of most residues is good; regions of deviation mentioned in the
main text are highlighted in blue.
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Figure S14 Comparison of NMR relaxation and order parameters for the ubiquitin protein from
simulation and experiment. All parameters from simulation were calculated by applying the iRED
method® to a set of ten 200-ns simulations with the f15ipq force field, considering the autocorrelation
function of each backbone N-H vector to 23 ns, which is five times the overall rotational correlation time
(Tc) of the protein.** Experimental Ry, Rz, and heteronuclear NOE data were available from Lee et al. at
four magnetic field strengths (400, 500, 600, and 750 MHz), and from Tjandra et al. at 600 MHz, and
experimental order parameters (S?) were available from both groups.®**® At a magnetic field strength of
600 MHz (A, B, C), ff15ipq obtains good agreement in R,, reasonable agreement in R; with a
consistent offset, and somewhat poorer agreement in heteronuclear NOE; similar agreement is
achieved at other magnetic field strengths. Error bars represent 95% confidence intervals; standard
errors were obtained by calculating the standard deviation across the ten simulations. Comparison of
simulated and experimental order parameters (D) shows acceptable agreement, with deviations in
many of the same regions as observed for the NMR relaxation parameters. The mean absolute percent
error (MAPE) in simulated R;, Ry, and heteronuclear NOE (E) was calculated by averaging the
proportional errors in each parameter across the four magnetic field strengths, while the error in S? was
calculated relative to the two experimental datasets. Residues with above-average MAPE in R; and R,,
including Lys 11, Asn 25, and Asp 52, are discussed in the main text.
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Figure S15. Secondary structure (A) and average per-residue backbone RMSD relative to the twenty
structures of the NMR ensemble (PDB code 1BUJ)*” (B) of binase observed over the course of a 10-us

simulation.
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Figure S16. Backbone conformational sampling of binase observed in a 10-us simulation. The ®/W
angles observed in the twenty structures of the NMR ensemble (PDB code 1BUJ)*’ are shown as gray
points, while those observed in the crystal structure (PDB code 1GOU)*® are shown as white points.
Overall retention of the crystal conformation of most residues is good; regions of deviation mentioned in
the main text are highlighted in blue.
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Figure S17. Secondary structure (A) and per-residue backbone RMSD relative to the crystal structure
(PDB code 4LZT)*® (B) of lysozyme observed over the course of a 2-ps simulation.
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Figure S18. Backbone conformational sampling of lysozyme observed in a 10-us simulation. The ®/W
angles observed in the crystal structure (PDB code 4LZT)* are shown as gray points. Overall retention
of the crystal conformation of most residues is good; regions of deviation mentioned in the main text are
highlighted in blue.
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Figure S19. Secondary structure (A, C) and per-residue backbone RMSD relative to the crystal
structure (PDB code 1YCR)*® (B, D) of p53 observed over the course of 10-us simulations alone (A, B)
and in complex with MDM2 (C, D). Horizontal gridlines indicate the portion of p53 that forms an a-helix
in the experimental structure of the p53/MDM2 complex.
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Figure S20. Secondary structure (A) and per-residue backbone RMSD relative to the crystal structure
(PDB code 1YCR)* (B) of MDM2 observed over the course of a 10-us simulation in complex with p53.

27



MDM2, bound to p53

(5 YO N | |1 I I |
16U S RERE EREE AN REES ERES RASE bS

Glu 25 Thr 26 Leu 27 Val 28 Arg 29 Pro 30 Lys 31 Pro 32 Leu 33

€
-

-180
—
v o _ @ | |
© 9 e © - e )
-180 . Leu 34 Leu 35 Lys 36 Leu 37 Leu 38 Lys 39 Ser 40 Val 4] |~ Gly 42
= e
9 % LT ] L9
Y o - I
® B Qe | &
180 Ala 43 Gln 44 = Lys 45 Asp 46 Thra7|| Tyr 48 Thr 49 Met 50 Lys 51
Y o e
© J|e (|® Jleo ([® J|& |[([™d ||® ||
180 Glu 52 Val 53 Leu 54 Phe 55 Tyr 56 Leu 57 Gly 58 Gln 59 Tyr 60
o (@
v s -0
) ® ® * )
180 lle 61 Met 62 Thr 63 Lys 64 Arg 65 Leu 66 Tyr 67 Asp 68 Glu 69

180 Lys 70 GIn 71 GIn 72 Hie 73 lle 74 Val 75 Tyr 76 Cys 77 Ser 78
E g
v oo g | )
A L | N | WA | N | I A | RN |
180 Asn 79 Asp 80 Leu 81 Leu 82 Gly 83 Asp 84 Leu 85 Phe 86 Gly 87
0 | LB
¥ ¢ ‘® ® @
180 Val 88 Pro 89 Ser 90 Phe 91 Ser 92 Val 93 Lys 94 Glu 95 Hie 96
[® ||& e (e (la |le fle & ||&
180 Arg 97 Lys 98 lle 99 Tyr 100 Thr 101 Met 102 lle 103 Tyr 104 Arg 105
B>
j - - | @ 4@
3 x
0 I — I I o
v o1 ® ° '
180 ! l.\sn .106 . I..eu .107 o, .Val .108 | .Val .109 0=
-180 0 -180 0 -180 0 -180 0 180
() () () ()

Figure S21. Backbone conformational sampling of MDM2 observed in a 10-us simulation in complex
with p53. The ®/W angles observed in the crystal structure (PDB code: 1YCR)*® are shown as gray
points.
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Figure S22. Secondary structure (A) and per-residue backbone RMSD relative to the crystal structure
(PDB code 1RNU)*! (B) of S-peptide observed over the course of a 10-us simulation alone. Horizontal
gridlines indicate the portion of S-peptide that forms an a-helix in the experimental structure of the S-
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29



Ala20 4
Ala19 4

:ilzl H

B i | e | ik

Ser 18
Thr 17

Ser 16
Ser 15
Asp 14 4
Met 13 4

Hip 12
GIn 11
Arg 10
Glh9
Phe 8
Lys 7
Ala 6
Ala b
Ala 4
Thr3
Glh2
Lys 1

Residue

Ser0 A
Gly -1 4
1D
Ala 19
Ser 18
Thr17 4
Ser 16
Ser 15
Asp 14 4
Met 13 4
Hip 12
Gin 11 4
Arg 10 4
Gh9 A
Phe 8 -
Lys7 4
Aab6
Ala5
Ala4
Thr3 4
Glh2
Lys1 4
Ser0 A
Gly -1 4

Ala 20

Residue

S-peptide, bound to S-protein

g |
T

| H““I\IHH | LI

]| Illhlll\

\
‘I\IIHHM M ‘ I \ HH AT

TII\ [ I III“

HIH H IH Il'r\__l\ \qﬂ

Time (ps)

Secondary Structure
O None
[ Parallel B Sheet
[ Antiparallel B Sheet
W 340 Helix
M o Helix
B T Helix
E Tumn
O Bend

Backbone RMSD (A)
0 2 4 6 8 10
O T T T

Figure S22 (Continued). Secondary structure (C) and per-residue backbone RMSD relative to the
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experimental structure of the S-peptide/S-protein complex.
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Figure S$23. Backbone conformational sampling of S-Peptide observed in 10-ps simulations in complex
with S-protein (A) and alone (B). The ®/W angles of residues present and resolved in the crystal
structure of the S-peptide/S-protein complex (PDB code 1RNU)°' are shown as gray points. For
comparison are shown distributions for the S-peptide sequence obtained from the Neighbor-Dependent
Ramachandran Distribution (NDRD) dataset, derived from conformations observed in the loops of
solved structures (C).%®
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Figure S24. Secondary structure (A) and per-residue backbone RMSD relative to the crystal structure
(PDB code 1RNU)®' (B) of S-protein observed over the course of a 10-us simulations in complex with

S-peptide.
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Figure S25. Backbone conformational sampling of S-protein observed in a 10-us simulation in complex
with S-peptide. The ®/W angles observed in the crystal structure (PDB code: 1RNU)®' are shown as
gray points. Overall retention of the crystal conformation of most residues is good; GIn 60, which retains
its uncommon ‘plateau’ conformation throughout the simulation, is highlighted in blue.

33



Supporting Tables

Table S1. Backbone torsion classes and terms applied to heavy atoms for 28 nonterminal residue

forms.

Residue | ®/W Class ®'/W' Subclass 0] 1] 0} g

Ala Neutral Alanine C-N-CX-C N-CX-C-N C-N-CX-CT CT-CX-C-N
Ash Neutral Two-branched C-N-CX-C N-CX-C-N  C-N-CX-2C  2C-CX-C-N
Asn Neutral Two-branched Cc-N-Cx-C N-CX-C-N  C-N-CX-2C  2C-CX-C-N
Cys Neutral Two-branched C-N-Cx-C N-CX-C-N C-N-CX-2C  2C-CX-C-N
Cyx Neutral Two-branched C-N-CX-C N-CX-C-N C-N-CX-2C 2C-CX-C-N
Glh Neutral Two-branched Cc-N-Cx-C N-CX-C-N C-N-CX-2C  2C-CX-C-N
Gin Neutral Two-branched Cc-N-CxXx-C  N-CX-C-N C-N-CX-2C  2C-CX-C-N
Leu Neutral Two-branched C-N-CX-C N-CX-C-N  C-N-CX-2C  2C-CX-C-N
Lyn Neutral Two-branched C-N-Cx-C N-CX-C-N C-N-CX-2C  2C-CX-C-N
Met Neutral Two-branched Cc-N-Cx-C N-CX-C-N C-N-CX-2C  2C-CX-C-N
Nle Neutral Two-branched C-N-CX-C N-CX-C-N  C-N-CX-2C  2C-CX-C-N
Ser Neutral Two-branched Cc-N-Cx-C  N-CX-C-N C-N-CX-2C  2C-CX-C-N
lle Neutral Three-branched Cc-N-CX-C N-CX-C-N C-N-CX-3C C-N-CX-3C
Thr Neutral Three-branched C-N-CX-C  N-CX-C-N C-N-CX-3C C-N-CX-3C
Val Neutral Three-branched c-N-CX-C N-CX-C-N C-N-CX-3C C-N-CX-3C
Hid Neutral Aromatic C-N-CX-C N-CX-C-N C-N-CX-TA TA-CX-C-N
Hie Neutral Aromatic C-N-CX-C N-CX-C-N C-N-CX-TA TA-CX-C-N
Phe Neutral Aromatic C-N-CX-C N-CX-C-N C-N-CX-TA TA-CX-C-N
Tyr Neutral Aromatic C-N-CX-C N-CX-C-N C-N-CX-TA TA-CX-C-N
Trp Neutral Aromatic C-N-CX-C N-CX-C-N C-N-CX-TA TA-CX-C-N
Asp Negatively-Charged C-N-TM-C N-TM-C-N C-N-TM-2C  2C-TM-C-N
Cym Negatively-Charged C-N-TM-C N-TM-C-N C-N-TM-2C  2C-TM-C-N
Glu Negatively-Charged C-N-TM-C N-TM-C-N C-N-TM-2C  2C-TM-C-N
Arg Positively-Charged C-N-TP-C N-TP-C-N C-N-TP-C8 C8-TP-C-N
Hip Positively-Charged C-N-TP-C N-TP-C-N C-N-TP-C8 C8-TP-C-N
Lys Positively-Charged C-N-TP-C N-TP-C-N C-N-TP-C8 C8-TP-C-N
Gly Glycine C-N-TG-C N-TG-C-N

Pro Proline C-TN-TJ-C TN-TJ-C-N C-TN-TJ-CT CT-TJ-C-N
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