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Molecular dynamics (MD) simulations ot peptides and proteins otter atomic-level detail into many
biological processes, although the degree of insight depends on the accuracy of the force fields used
to represent them. Protein folding 1s a key example 1in which the accurate reproduction of folded-state
conformations of proteins and kinetics of the folding processes in simulation 1s a longstanding goal.
Although there have been a number of recent successes, challenges remain in capturing the full com-
plexity of folding for even secondary-structure elements. In the present work, we have used all-atom
MD simulations to study the folding properties of one such element, the C-terminal S-hairpin of the
B 1 domain of streptococcal protein G (GB1). Using replica-exchange umbrella sampling simulations,

we examined the folding free energy of two fixed-charge CHARMM force fields, CHARMM36 and
CHARMMZ22*, as well as a polarizable [orce [ield, the CHARMM Drude-2013 model, which has
previously been shown to improve the folding properties of a-helical peptides. The CHARMM22*
and Drude-2013 models are in rough agreement with experimental studies of GB1 folding, while
CHARMMZ36 overstabilizes the S-hairpin. Additional free-energy calculations show that small adjust-
ments to the atomic polarizabilities in the Drude-2013 model can improve both the backbone solubility
and folding properties of GBI without significantly affecting the model’s ability to properly fold
a-helices. We also 1identify anon-native salt bridge in the S-turn region that overstabilizes the S-hairpin

in the C36 model. Finally, we demonstrate that tryptophan fluorescence 1s insufficient for capturing
the full B-hairpin folding pathway. Published by AIP Publishing. https://doi.org/10.1063/1.5025951
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Free Energy Landscapes

* Protein folding landscapes are narrower at Free energy G — H - TS

the bottom; there are few low-energy, native-
like conformations and many more open
unfolded structures.

* Random steps that are mostly incrementally
downbhill in energy
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Wolynes, Onuchic, Thirumalai. Navigating the folding routes. Science 267: 1619-1620 (1995).



Umbrella Sampling
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The Weighted Histogram Analysis Method for Free-Energy
Calculations on Biomolecules. I. The Method

Shankar Kumar,! Djamal Bouzida,> Robert H. Swendsen,? Peter A. Kollman,? and

John M. Rosenberg!'*

!Department of Biological Sciences, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

*Department of Physics, Carnegie Mellon University, Pitisburgh, Pennsylvania 15213

*Department of Pharmaceutical Chemistry, University of California-San Francisco, San Francisco, California
94143

Unbiased Bias
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Replica Exchange Molecular Dynamics (REMD)

Allow multiple, parallel simulations (replicas) to periodically exchange
parameters (temperature, biasing potentials, etc.)

Hamiltonian exchange for US simulations (REUS)

Exchange probability given by Metropolis criterion:

P(i <» j) = min {1, exp(—BAFE)} B = (kgT)™*
AE = [Ei(qi) + Ej(q;)] — [Ej(a:) + Ei(g;)

Sugita et al. J. Chem. Phys. 113:6042 (2000).



Replica Exchange Umbrella Sampling (REUS)

Sampling
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Park & Im. J. Chem. Theory Comput. 10:2719-2728 (2014).



B1 domain of streptococcal protein G (GB1)

PDB: 1GB1 C-terminal hairpin of GB1 (G41-E56)
56 residues A. All residues B. Hydrogen bonds C. Hydrophobic core
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GB1 as a model for B-sheet folding

B-hairpin
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Table 1. Hairpin Sequences and Fold Populations
% folded (298 K) T (°C)
GBl1p GEWTYDDATKTFTVTE ca. 30%
GB1ml GEWTYDDATKTATVTE 6 + 6%
GB1m2 GEWTYNPATGKFTVTE 74 + 5% 47 £ 2
GB1Im3 KKWTYNPATGKFTVQE 86 + 3% 60 + 2
trpzip4 GEWTWDDATKTWITWTE 70
HP5W4 KKWITWNPATGKWITWQE >96% 85
HPSW KKYTWNPATGKWTVQE 92 + 2% 66
HPSF KKYTWNPATGKFTVQE 82 + 4% 535
HP5SA KKYTWNPATGKATVQE 21 = 10%

Number of native peptide bonds

30-50% folded
@ 298/300K

Folds in ~6pus

Munoz et al. Nature. 149:072317 (1997).

Fesinmeyer et al. J. Am. Chem. Soc. 126:7238-7243 (2004).

Re [A]

Re [A]

Commonly used to calibrate force fields and
enhanced sampling techniques
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CHARMM Drude Polarizable

Non-polarizable FFs tend to be FO rce Fleld N —D,m -
overpolarized in order to mimic a T it |
solvent environment CITINE S

_ _ _ %m—
Drude oscillator polarizable FF splits Drude Lysine =

0.1-
each heavy atom into a (+) parent
: Polarizabilit T U

atom and a (_) Drude part|C|e, Drude y "7 2%0 R%meeratfﬁ% © 340 360

connected by a stiff spring (kb)

Pa rtICIe q — qD2/ kD FIGURE 1 Fraction helix as a function of temperature deterrmned from

NMR experiments and replica exchange simulations with the Drude polar-

1zable and the CIHTARMM36 additive force fields. The C36 T-REMD results
Pa rent were previously reported (11). To see this figure in color, go online.

SW M 4 D N P Drude CHARMM36

Drude model allows for polarization of
molecule from environment, not just

molecular geometry ~ Water 340K 0z 0K
h n; 55 151y S — 0;~ PR
drudeTemp 1 5 of IR IIE :
drudeDamping 20.0 _g : " S ol Lmmellan ) o e
drudeBondLen 0.25 )(5 Jr | ol PH e
drudeHardWall on " \) | ( T Tl h ] | ]
drudeNBTHOLEcut 5.0 4 N EE T o R FEE R T
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LJcorrection yes
FIGURE 3 Probabilitics of obscrving n consccutive residucs in the o«

o Lopes et al. J. Chem. Theory Comput. 9:5430-5449 (201 3) region (as a hel.ix of !englh 1.1) during the polarizable Drude and additive
Huang and MacKerell, Jr. Biophys. J. 107:991-997 (2014). CHARMMS36 simulations at 250, 300, and 340 K.



Folding PMFs of the GB1 B-hairpin
89-100 REUS windows 12-20ns/window
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Side chain hydration free energies show room for
Improvement in the non-polarizable and polarizable models

B o S , N , N , N , N 40-stage Weeks—Chandler—
: .11 molecule residue AGegs AGDrude AGoxpy molecule residue AGegs AGDrude AGexpul Anderson (WCA)-
n-butane Ile 2.60 2.68  2.08 methylethylsulfide  Met 059 —1.12 —1.49 decomposition free-energy
G E@ns perturbation (FEP) procedure
Se - a2 1Isobutane Leu 2.56 2.50 2.28 3-methylindole Trp -510 =511 =591
& Fgrwas Y. Deng and B. Roux. J. Phys
. e . 9 92Q ) )y ONATE - -13 . [— - T - 1 )— - 6'):' ) ) ) ’ )
Chris Rowley methane Ala 2.38 2.21 2.00 methylimidazole His 10.11 11.67 —10.25 Chem. B. 108:16567 (2004).
propane Val 2.19 2.65 1.96 propilonamide Gln —7.59 | —8.06 —9.42
Y. Deng and B. Roux. J. Phys.
acetamide Asn —7.56 =969 =972 (oluene Phe -0.30 =048 —=0.76 Chem. B. 113:2234 (2009).
p-cresol Tvr —1.92 = =552 —06.13 acelale Asp —82.35 —&81.92 —80.65
ethanol Thr —1.78 = =3.71 —1.90 n-butvlammonium Lys —06.00 —=61.90 —69.21
methanethiol Cys —-0.27 =101 -—=1.21 np-propvlguanmdimum Arg —60.21 —57.00 —
methanol Ser —1.91 = =3.43 —5.08 propilonate Glu —82.75 —80.76 —79.12

n-methylacetannde NMA  —7.65  —8.50 —10.10

The Drude model underestimates hydroxyl, some charged, and

sulfur-containing and amide hydration free energies. Improved backbone
hydration needs to be compensated by improved N-H—O=C hydrogen bonding or
peptide will unfold. Also, while backbone (NMA) hydration is improved in the Drude
model over C36, further improvements could still be implemented.



Examining backbone polarization

Dipole moments are enhanced in the
Drude model

N-H bonds significantly polarize
during intrapeptide hydrogen
bonding, but not when hydrogen
bonding with water

C=0 bonds behave in the opposite
manner, only polarizing significantly
when hydrogen bonding with water

Unlike water-peptide hydrogen
bonding, intrapeptide hydrogen
bonding aligns parent-drude bond
with chemical bond

R (A)

Drude
16 e T T T 150
145_ Proteln __ __ _ 120
12 Et i 1 %
10F 1 1 1 R =
sk 4 T g 30 8
i T T ] ®
6 =s =s 170 =
ol - A O I ! I . ] ®)
\'(’5 4:::::|::::|::::|::::|::::|::::':::::I::::|::::|::::|::::|::::::::::|::::|::::|::::|::::|::::: 30 (‘BD
- I I ] -]
- T I ] )
125 - gy E 18
10 | - - 1p 1 12
ok | ki Ed I
i ¢ T T ]
6L T o . 3 0
4:. .......... [ o e
0 1 2 3 4 5 O 1 2 3 4 5 O 1 2 3 4 5 6
Npp
09 ottt T o o T
10 S AR RN R AR RN A AR AN A R RAAAS
-DN 1[ b N-DN N-DN
r ' ' HBonds Other
10 07 121 -
1r 106 10 £
-flo-5 oF S
1704 6F Mo
:-0,4 o 4 b
E 3 14k C-DC C-DC
] & g HBonds Other
i, - 127
1F 403 © T -
] 3 & 10F
] = o :
. — 8
] ) -
. 02v 6'_
] 0.3 4:::::'::::'::::'::::'::::'::::"::::'::::'::::'::::'::::'::::'
1l SRR AAARS RAREN AR AARAE EANAS LA RAREE AR RAAA RN RARAS
DO b 0-DO 0-DO
I g HBonds Other
E 121
1F 70.2 -
. 10 F
l oF
] 0.1 :
E 6 |
-.. [ : 4-.. ....................................................
o 1 2 3 4 5 O 1 2 3 4 5 6

Nhp

o 1 2 3 4 5 O 1 2 3 4 5 6

Npp

|n the Drude model

(Bap) o|buy



Altering backbone (and side chain) polarizabilities
In the Drude model

By rescaling the histograms in
WHAM, we can recalculate the
PMF with different parameters
using the states already sampled
by our REUS simulations:

histogram(r;;) =

Zt eEXP ( — B(Unew — Uold))5(r(t) — 7’7;]')

Zt CXP ( T 6(Unew — Uold))

Increasing the backbone N
polarizabilities by 60% showed
the best improvement for both
the backbone hydration and GB1
B-sheet folding
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Checking the altered polarizabilities with an a-helical
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The Drude model is already well
optimized for a-helices

Increasing in N polarizability by
>30% would deteriorate quality of
the model

30% increase is gives a good
balance between a-helices and [3-
sheets



Conclusions

We used replica exchange umbrella sampling (REUS) to calculate the folding free
energies of the model [3-sheet peptide, GB1

The polarizable Drude force field is very well optimized for a-helical peptides

However, although it greatly outperforms the C36 force field, it performs slightly
worse than the non-polarizable C22* force field in describing GB1 3-hairpin folding

Using pertubations to the WHAM histograms, we showed that small
enhancements to backbone polarizabilities improve both backbone hydration and
B-hairpin folding while maintaining a-helical folding

While the Drude model is a relatively cheap method to introduce dynamic,
inducible atomic polarization, the cheaper non-polarizable C22* force field is
sufficient for modeling 3-sheets
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