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AG,, (kJ mol") from TK algorithm

Supplementary Figure S1 Comparison of net electrostatic interaction energy (Eci.) of charged residues
calculated using the Debye-Hiickel (DH) formalism (Naganathan, 2012) and the more complex
Tanford—Kirkwood (TK) algorithm (Ibarra-Molero, et al., 1999; Tanford and Kirkwood, 1957).



40 — pShuffle Module 40 —~ pShuffle Module 40 - Thermodynamics
Module

= 30

E

() 20 +

£

}_
10 -

| L | I I 0 |
0 2 4 6 8 15 30 45 60 0 30 60 90 120 150
# of Mutants (x10°) # of Charged Residues Number of Residues

Supplementary Figure S2 Total time taken by the pStab server for predicting the electrostatic energy
distribution for a specified number of mutants (panel A), for a specific number of charged residues (panel
B) and in predicting the unfolding curves for a single protein (gray in panel C) or for 10 mutants
including the WT (red in panel C).
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Supplementary Figure S3 All energy units are in kJ mol™. On input of the PDB file IUBQ (panel A),
the server generates distributions of the apparent stabilities (AE..) for up till triple mutations (panel B;
blue, green, red and black for single, double, triple and all mutations, respectively). The server also
outputs the frustration due to unfavorable surface charge distributions in the WT protein providing a
glimpse of potential mutations that can enhance stability (panel C). On choosing a particular mutation
(E18K/E24K/R42E) for predicting additional properties with an input melting temperature of 333 K, we
obtain the melting curves of both the WT and the mutant proteins (black and blue, respectively, in panel
D). The local stability profile can also be calculated as a function of residue index that highlights the N-
and C-terminal strands to be less stable (shown in panel E for 293 K). In panel E, the magenta and yellow
shaded areas mark the sequence boundaries of a-helix and B-strands, respectively.
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Supplementary Figure S4 This is a representative example of the situation when the user chooses to obtain only
the thermodynamic behavior of the system (i.e. residue probability map and local stability profile) and not the effect
of mutations. On input of the PDB file 1JW2 (panel A), the server generates an average unfolding curve
with an input melting temperature of 333 K (panel B). The probability of folding and the local stability
profile calculated as a function of residue index at 298 K (panels C and D, respectively) highlights the C-
terminal helix to be less stable, in accordance with experiments(Narayan, et al., 2017). Moreover, a clear
difference in stability pattern is apparent across the sequence (panel D).



Generation of Mutants (pShuffle Module)

We generate only those mutations involving charged residues, i.e. every charged residue in the protein is
mutated to oppositely charged residue and a neutral charged (polar) residue of comparable size. In
addition to this, large polar residues (Asn and GIln) can be mutated to both positively and negatively
charged residues optionally. The candidate residues (excluding the functionally relevant residues listed by
the user) are mutated in all possible combinations constrained by the maximum number of mutations
allowed per mutant — a user-controlled parameter. The website allows up to four mutations per mutant;
this includes all possible single, double, triple and quadruple mutants involving the charged (+Asn/Gln)
residues. The number of mutants generated for a given protein can be calculated from

m
_ k k
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where, n,,, is the total number of mutants, m is the maximum number of mutations allowed per mutant
and n is the number of candidate residues to be mutated. For example, ubiquitin (1UBQ) contains 22
charged and 8 polar (Asn and Gln) residues, and allowing four mutations per mutant results in ~0.5
million mutants. The following table shows the details of number of mutants generated for various input

parameters.
Ubiquitin
No. of Mutants
M Only Charged | Charged + Polar
Residues Residues

1 44 60

2 968 1800

3 13288 34280

4 130328 472760

Wako-Saito-Muiioz-Eaton (WSME) Model

In the version of WSME model (Muioz and Eaton, 1999; Wako and Saito, 1978) implemented in the
web-server, each residue is allowed to sample only two sets of conformations: folded (native; /) and
unfolded (non-native; 0), resulting in 2" microstates for N residue protein. The effective stabilization free
energy contribution of a microstate (m, n) (i.e., the residues in range of m to n are structured) is described
as the sum of van der Waals interactions (E,qy,), electrostatic potential (E..) and solvation free energy
(4G4o1p)(Naganathan, 2012):

—E, +E, +AG

elec solv

AG (1)

The contribution to the van der Waals (vdW) interaction energy by the heavy atom pairs are defined by a
cut-off (r.,) for pairwise heavy atom distance.

Eg=>&p (1.1)



where p =1 if r;;< ro,, and p = 0 otherwise.

The electrostatic interaction energy between the charged residues is obtained through Debye-Hiickel (DH)
treatment(Naganathan, 2012; Naganathan, 2013):
4.4,
EElec = ZKCoulomb ; exp(_l/;jl() (12)
m,n eﬁf ij

where Kcoulomp 18 the Coulomb constant (1389 kJ .A.mol'l), g;and g; are the charges on i and j’h atoms and
r; is the distance between them, €. is the effective dielectric constant and //x is the Debye screening
length, which is a function of .4 solvent ionic-strength (/) and temperature (7).
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The solvation free energy is given by(Naganathan, 2012),

AG,,, =xmAC" (T -T,,)-TIn(T/T,,)] (1.3)

solv cont

where, x,gy; is the number of native contacts, ACz‘jont is temperature-independent heat capacity change
per native contact, at a reference temperature (7,r) of 385 K (Robertson and Murphy, 1997).

The total partition function (Z) is calculated through the transfer-matrix formalism of Wako and Saitd
(Wako and Saito, 1978) as follows,

Z(T)=v, {]ﬂ[ X,}vi’ ©)

i=l

where
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where f = 1/RT and z = exp(AScons/R).

Calculating the Residue Unfolding Probability (Thermodynamics Module)

The overall probability of a particular residue to be folded ();) can be calculated from
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The average of y; over all the residues ({x;)1) can be used as the proxy for global unfolding curves.
Partial Partition Functions and Local Stability

We define the residue equilibrium constant as follows

7/
K, = ulnf (%)
Z,
where the numerator and denominator represent the partial partition functions of microstates in which the
residue i is folded (f) and unfolded (unf), respectively. The local stability is then calculated as

AG, =—RTIn(K, ) (6)

Model Parameterization

The model has four parameters - the interaction energy per native contact (&), the heat capacity change
upon fixing a native contact (AC, ), the entropic cost of fixing a residue in native conformation (ASco)
and the effective dielectric constant (e.¢) — of which three are fixed based on experimentally constrained
analysis from previous works (see below).
In the website implementation, three different approaches are made available to assign the entropic
cost of fixing residues in the native conformation:
(1) Secondary structure dependent entropic cost — entropic cost is assigned based on the secondary
structure assignment by STRIDE (Heinig and Frishman, 2004). In other words, AS4 (-22.6 J mol™ K™
per residue) is assigned for residues identified as coil (disordered environment) while AS, (-16.5 J
mol™ K per residue) is assigned for all other residues (ordered environment;(Rajasekaran, et al.,
2016)).
(2) Sequence/Structure independent entropic cost - a uniform entropic cost of AS, is assigned for all
residues.
(3) Sequence/Structure independent entropic cost except for glycine and proline: a uniform entropic
cost of AS, is assigned for all residues except for glycine and proline. For glycine and proline,



entropic costs of ASgy, (-29.47 J mol” K per residue) and ASyo (0] mol" K per residue),
respectively, are assigned (Daquino, et al., 1996).

The magnitude of effective dielectric constant is fixed to 29. This estimate robustly captures the
changes in stability induced by point mutations involving charged residues (Naganathan, 2013), the
differences in stability between mesophilic and thermophilic protein pairs (Naganathan, 2013) and even
the role of phosphorylation in a disorder-to-order protein switch (Gopi, et al., 2015). The pH conditions
are simulated by assigning the associated protonation states to the atoms of the charged residues. At pH 7,
atoms NE, NH1, NH2 of arginine are assigned a charge of 0.33 each, NZ of lysine a charge of 1, and
OD1, OD2 of aspartate and OE1, OE2 of glutamate a charge of —0.5. In addition to the protonation states
of the atoms at pH7, ND1 and NE2 of histidine are assigned a charge of 0.5 at pH 5. All-to-all
electrostatic interactions are considered that eliminate assumptions implicit in using cutoffs.

The heat capacity change upon fixing a native contact is fixed to -0.36 J/(mol. K) per native contact
(Naganathan, 2012). Heavy atom contacts are identified with a distance cutoff (r.,,) of 6 A excluding the
nearest neighbors (j>i+1). The interaction energy per native contact (&) is tuned to reproduce the
experimental Ty, provided by the user. If not provided, a default value of 333 K is reproduced.
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