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Supplemental Methods

Body-and-bar networks

In body-and-bar networks, atoms are considered bodies with six degrees of freedom, and
each bar between two bodies removes one degree of freedom. Depending on the strength of
an interaction between two atoms, a constraint can be modeled as any number of bars
between one and six with six bars completely freezing the motion between two atoms [1,2].
As done previously [3-6], covalent bonds were modeled with five (single bonds) and six
(peptide and double bonds) bars, whereas hydrophobic tethers and hydrogen bonds (including
salt bridges; together referred to as hydrogen bonds here) were modeled with two and five
bars, respectively. A modified version of the potential by Mayo and coworkers [7] as
described in ref. [8] was used to calculate hydrogen bond energies Eus; hydrogen bonds with
energies lower than a certain cutoff Ecut were included in the network (see “Thermal
unfolding simulation” section in the main text for details). Hydrophobic constraints were
considered between pairs of carbon and/or sulfur atoms according to a Gaussian probability
function depending on the distances between the atoms (dj), the sum of their van der Waals
(dvaw) radii (C: 1.7 A; S: 1.8 A), and the full width at half maximum Deu (eq. S1; see ref. [3]
for details).
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Local and global rigidity indices

From a thermal unfolding trajectory, one can calculate both residue-level (local) and overall
(global) rigidity characteristics of a protein [9]. Local indices can be used to investigate
specific questions regarding the stability and activity of a protein. In the present study, the
stability map rcij introduced by us in ref. [5] was used to characterize the local rigidity of
BsLipA and to understand the influence of mutations. A stability map is derived by
identifying “rigid contacts” between two residues i and j that are represented by their Cq
atoms. A rigid contact exists if the two residues belong to the same rigid cluster. During a
thermal unfolding simulation, stability maps are then constructed in that, for each residue

pair, Ecut (or, equivalently, a temperature derived from the relationship T = f(Ecut) described in
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refs. [4,5]) is identified at which a rigid contact between these residues is lost. In that respect,
the stability map is a two-dimensional itemization of the local rigidity index as detailed in ref.
[9]. When filtered such that only rigid contacts between residues that are 5 A apart from each
other (measured as the distance between the closest atom pair from the two residues) are
considered, a neighbor stability map results. This map helps focusing on short-range residue
contacts that can be directly modulated by mutagenesis with the aim to stabilize them for

improving the overall stability of a protein.

In addition, the (local) percolation index pi introduced by us in ref. [9] was used to
characterize thermal unfolding pathways of the BSLipA structures. The percolation index
monitors the percolation behavior (i.e., the loss of rigidity when diluting the constraint
network) of a biomolecule on a microscopic level and so allows identifying the hierarchical
break-down of the giant percolating cluster during a thermal unfolding simulation. The giant
percolating cluster is the largest rigid cluster present at the highest Ecut value (i.e., at the
lowest temperature at the beginning of a thermal unfolding simulation) with all constraints in
place. More technically, pi monitors the Ecuw at which a bond segregates from the giant
percolating cluster during a thermal unfolding simulation. For a C. atom-based

representation, the lower of the pi values of the two backbone bonds is considered.

Global indices help identifying phase transition temperatures Tp at which a network switches
from being largely rigid to largely flexible. Previously, we showed that T, identified by a
modified cluster configuration entropy Hipe2 [4,9] can be used for predicting the
thermodynamic thermostability of and identifying structural weak spots in a protein [4-6].
The cluster configuration entropy has originally been introduced by Andraud et al. [10] as a
morphological descriptor for heterogeneous materials and is adapted from Shannon’s
information theory. Hiype2 monitors the degree of disorder in the realization of a given
network state: As long as a network is dominated by a very large rigid cluster, Hiype2 tends to
be low because there are only a few configurations of a system with a large rigid cluster
possible; Hiype2 increases when larger rigid clusters break down in smaller clusters. The Hiype2
versus T curve obtained from a thermal unfolding simulation was fitted with a double
sigmoid [11] as done previously [6], and the temperature T, was identified as the inflection
point of the sigmoid with the larger difference in the asymptote values. This way, in most
cases, a late transition involving the final decay of the giant percolating cluster is identified as

Tp [5].
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Supplemental Tables

Table A. Pairwise Pearson correlation coefficients r (upper triangle) and corresponding p values (lower triangle) between cluster
distributions of unfolding pathways of wild type BsLipA and mutants from Rao et al.

Wildtype TM  1-14F5 1-17A4 1-8D5 2D9  3-18G4 3-11G1 3-3A9  4D3 5-D 5-A 5-B 6B
Wild type 0.38 0.54 -0.62 039  -0.40 -0.61 -0.61  -029  -0.05 0.47 040 030 -0.69
™ 0.280 0.90 -0.07 0.81 0.01 024  -023 0.1 0.56 0.64 0.61 0.61 -031
1-14F5 0.108 <0.001 -0.21 0.74 0.05 -0.21 026  0.19 0.61 0.87 084 081 -043
1-17A4 0.055  0.839 0.565 -0.26 0.78 0.92 093  0.66 059  -009 -001 017 0.83
1-8D5 0.264  0.004 0.014 0.475 -0.04 -0.41 046 022 0.32 0.46 043 036 -0.46
2D9 0.250  0.989 0.887 0.008  0.902 0.80 0.83  0.90 0.76 0.22 027 041 0.76
3-18G4 0.063  0.502 0.553 <0.001 0241  0.006 095  0.69 0.60 0.05 0.14 030 0.76
3-11G1 0.060  0.516 0.463 <0.001  0.176  0.003 <0.001 0.65 0.57  -0.03 0.05 022 089
3-3A9 0425  0.752 0.600 0.037  0.549 <0.001 0.029  0.042 0.73 0.35 041 048 048
4D3 0.894  0.094 0.061 0.070 0366  0.010 0.067  0.088  0.017 0.68 072 083 038
5-D 0.173  0.046 0.001 0.805  0.179  0.539 0.892 0943 0322  0.032 099 096 -031
5-A 0251  0.061 0.002 0981 0214  0.444 0.698  0.896 0243  0.020 <0.001 097 -0.26
5-B 0.402  0.060 0.004 0.631 0309 0234 0394 0541 0.159  0.003 <0.001 <0.001 -0.09
6B 0.026  0.388 0.209 0.003  0.178  0.010 0.010  0.001 0159 0282 0375 0468 0.802
Mean r -0.06 0.29 0.34 0.28 0.16 0.41 0.29 027 043 0.56 0.40 043 049  0.12
SEMP 0.14 0.12 0.14 0.15 0.12 0.12 0.15 0.16  0.09 0.06 0.12 011 0.09 0.16

(2l Standard error of the mean.
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Table B. Pairwise Pearson correlation coefficients r (upper triangle) and corresponding p values
(lower triangle) between cluster distributions of unfolding pathways of wild type BsLipA and
mutants from Reetz et al.

Wild type IX X XI
Wild type 0.86 0.91 0.87
IX 0.001 0.87 0.79
X <0.001 0.001 0.97
XI 0.001 0.007 <0.001
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Supplemental Figures
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Figure A. Objective function of the clustering (the mean of the dissimilarities of all objects to
their nearest medoids) vs. the number of clusters of pi profiles of all BSLipA variants.
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Figure B. Cluster configuration entropy Hiype2 VS. temperature obtained from the average loss of
rigidity percolation over the ensemble of 2000 network topologies of wild type BSLipA; this
average loss of rigidity percolation is calculated from a stability map averaged over all 2000
unfolding trajectories. Steps that involve a loss of secondary structure elements during the
thermal unfolding (shown in Fig. 3 in the main text) are indicated with red points. The blue
arrow indicates the phase transition point on the unfolding pathway.
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Figure C. Correlation between predicted Tp derived from the global index Hiype2z and
experimental thermostabilities (Tm values) of BSLipA variants using single input structures.
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Figure D. Average loss of structural rigidity of mutant 6B during a thermal unfolding
simulation. Rigid clusters are depicted as uniformly colored bodies with the largest rigid cluster
always shown in blue. Temperatures are indicated for each rigid cluster decomposition depiction.
At the beginning of the thermal unfolding simulation (302 K) almost the complete structure is
part of the giant rigid cluster; the structure becomes completely flexible at temperatures > 370 K.
The right views differ from the left ones by an anti-clockwise rotation of ~90° about a horizontal
axis. Important secondary structure elements are labeled.
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Figure E. Probability density functions (PDFs) obtained by kernel density estimation of all
pairwise Pearson correlation coefficients between cluster distributions (Table ) I) of all BSLipA
variants but the two outliers, wild type and 6B, (blue) and II) of only the two outliers (red). A

normal kernel function with an optimal smoothing parameter [12] at each data point was used for
calculating the PDFs.
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Figure F. Differences in the stability of rigid contacts between variants of BSLipA from Rao et
al. Maps depict differences (against the wild type) for mutants TM (A), 1-17A4 (B), 1-8D5 (C),
2D9 (D), 3-18G4 (E), 3-11G1 (F), 3-3A9 (G), 4D3 (H), 5-D (1), 5-A (J), and 5B (K). Secondary
structure elements as computed by the DSSP program [13,14] are indicated on both abscissa and
ordinate: a-helix (red rectangle), B-strands (green rectangle), loop (black line). Arrows represent

the mutated residue positions.
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Figure G. Differences in the stability of rigid contacts between mutants of BSLipA from Reetz et
al. Maps depict differences for mutants IX (A) and XI (B) against the wild type. Secondary
structure elements as computed by the DSSP program [13,14] are indicated on both abscissa and
ordinate: a-helix (red rectangle), B-strands (green rectangle), loop (black line). Arrows represent
the mutated residue positions of the mutants with respect to the wild type.
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Figure H. Differences in the stability of rigid contacts between variant X and wild type for
residue neighbors shown on the structure of variant X. The sticks connecting Cq atoms of residue
pairs are colored according to the color scale on the bottom. A contact in red (blue) is more (less)
stable in variant X than in the wild type. Only those contacts involving residues in regions
discussed in the main text are shown for clarity. Mutated residues are shown as sticks and a

sphere at their Cq atoms.
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Figure 1. Difference in the number of hydrogen bonds (A—C) and hydrophobic tethers (D—F)
between BsLipA variants (1_14F5 (A, D), 6B (B, E), and X (C, F)) versus WT. To focus on
strong interactions, only hydrogen bonds with energies < —1.0 kcal mol ' were considered;
similarly, for hydrophobic tethers, only hydrophobic atoms (C, S) whose van der Waals spheres
are within 0.35 A were considered.
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