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1 Molecular dynamics (MD) simulations details of replicate trajectories

Two additional MD simulations were performed at 280 K, 300 K, and 320 K to estimate
sampling errors. GROMACS-2021.35! was used for performing these additional simulations.
The canonical velocity rescaling®® thermostat was used to control temperature for both
equilibration and production runs. The Berendsen barostat®? was used to control pressure
for equilibration runs, while the Parrinello-Rahman barostat®*% was used in the production

runs. Temperature and pressure coupling constants were set to 0.2 ps and 4.0 ps, respectively.


sarupria@umn.edu

2 Root mean square deviation of WT and mutants from WT crystal structure
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Figure S1: Root mean square deviation (RMSD) of one of the independent MD simulation
trajectories from the energy minimized solvated WT crystal structure (reference) at different
temperatures. Left column (a, d, g, j, m): RMSD of C, of residues 6-384 i.e., excluding 5
residues at N- and C-terminus. Middle column (b, e, h, k, n): RMSD of C,residues 6-168
and 240-384 i.e, excluding lid domain and 5 residues at N- and C-terminus. Right column (c,
f, i, 1, o) shows RMSD of C,residues 6-73, 98-131, 152-168, and 240-384 that exclude both
lid domain, Zn?" domain and 5 residues at N- and C-terminus. (p) Illustration of crytal
structure of WT GTL colored according to core (a-f hydrolaze fold - gray), lid domain
(yellow) and the Zn** domain (blue).
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3 AGH-T profiles
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Figure S2: Variation of AG* with temperature using AH* and AS* values estimated from
Eyring plots with C4 as substrate obtained in wet-lab experiments.5¢ Dashed vertical lines
in black are drawn at temperatures where AG* of E316G (~255 K) and E361G (~319 K)
are similar to that of WT.



4 RMSF difference between WT and mutants
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Figure S3: Difference in RMSF of C, of each residue between mutants and WT at dif-
ferent temperatures. The first 50 ns of the production trajectory is considered part of
the equilibrium cycle and excluded from the RMSF calculation. Difference in RMSF
(ARMSFMytant—wr) of E316G and WT (blue) and E361G and WT (red) at (a) 280 K,
(b) 300 K, (c) 320 K, (d) 340 K, and (e) 360 K. For 280 K, 300 K, and 320 K, error bars are
estimated from three independent trajectories. (f) Crystal structure of WT colored accord-
ing to distance of C, of residues from any of the active site residues C, (S114, D318, and
H359). The locations of catalytic residues are indicated by vertical cyan lines in (a-e).

S-4



5 Change in RMSF of residues with temperature

Change in RMSF of C, of each residue in WT and mutants at a temperature T and 280 K

calculated by ignoring the first 50 ns of the production trajectory.
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Figure S4: Difference in RMSF (ARMSF) of C, of each residue in WT (black) and E316G
(blue) or E361G (red) at a temperature T and 280 K. (a) 300 K and 280 K, (b) 320 K and
280 K, (c) 340 K and 280 K, and (d) 360 K and 280 K. For 300 K and 320 K, error bars
are estimated from three independent trajectories. The locations of catalytic residues are
indicated by vertical cyan lines.
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Figure S5: Scatter plot of difference in RMSF (ARMSF) at 300 K and at 280 K of WT
(black; a, b, ¢), E316G (blue; d, e, f) and E361G (red; g, h, i) and residues within 1.5 nm of
the active site residues — S114 (a, d, g), D318 (b, e, h), and H359 (c, f, i). The number of
residues with ARMSF > 0 and within 1.5 nm from each of the active site residues 114 (j),
318 (k), and 359 (1). Error bars in the scatter plots are estimated from three independent
trajectories.
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Figure S6: Scatter plot of difference in RMSF (ARMSF) at 320 K and at 280 K of WT
(black; a, b, ¢), E316G (blue; d, e, f) and E361G (red; g, h, i) and residues within 1.5 nm of
the active site residues — S114 (a, d, g), D318 (b, e, h), and H359 (c, f, i). The number of
residues with ARMSF > 0 and within 1.5 nm from each of the active site residues 114 (j),
318 (k), and 359 (1). Error bars in the scatter plots are estimated from three independent
trajectories.
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Figure S7: Scatter plot of difference in RMSF (ARMSF) a 340 K and 280 K of WT (black;
a, b, ¢), E316G (blue; d, e, f) and E361G (red; g, h, i) and residues within 1.5 nm of the
active site residues — S114 (a, d, g), D318 (b, e, h), and H359 (c, f, i). The number of
residues with ARMSF > 0 and within 1.5 nm from each of the active site residues 114 (j),
318 (k), and 359 (1).
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Figure S8: Scatter plot of difference in RMSF (ARMSF) a 360 K and 280 K of WT (black;
a, b, ¢), E316G (blue; d, e, f) and E361G (red; g, h, i) and residues within 1.5 nm of the
active site residues — S114 (a, d, g), D318 (b, e, h), and H359 (c, f, i).
residues with ARMSF > 0 and within 1.5 nm from each of the active site residues 114 (j),
318 (k), and 359 (1).
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6 Estimated folding-unfolding transition temperatures from CNA

Estimates of folding-unfolding transition temperature obtained by tracking the variation of
different global indices with Ej, in constraint network analysis (CNA).5” These estimates
are obtained by applying CNA over the ensemble of structures in one of the independent
MD simulation trajectories. The relation between Ej, and T is only approximate, and is
obtained by comparing E;, transition of different extremophilic proteins and their melting

(or growth) temperatures.>®

Table S1: Folding-unfolding transition

Enzyme Global Index Average Eppiransition (kJ/mol) +  Average *T (K) £ SD

1SD
P oo typet -7.740 £ 0.084 337.03 & 0.49
WT P oc type2 -7.657 + 0.084 336.60 + 0.49
Hyypet -5.52 + 0.084 326.85 + 0.40
Hyypes -11.46 + 0.126 354.83 + .57
P oo typet “8.66 + 0.034 341.33 + 0.45
E316G Dot -8.577 + 0.084 341.10 + 0.45
Hyypet -6.64 + 0.084 330.74 + 0.45
Hyypeo -11.967 + 0.126 357.18 + 0.51
P oo typel -6.90 + 0.034 331.01 & 0.39
pa61c Pootme -6.82 + 0.084 332.70 + 0.39
Hyypet -5.272 + 0.084 325.25 + 0.40
Hyypes -10.418 + 0.126 349.85 + 0.58

L' SD refers to standard deviation obtained from the ensemble based constraint network analysis.

2788 = 20 (K/(kcal mol ™)) XEpp transition + 300 K
P oo typel 59 = Order parameter that tracks the fraction of network belonging to giant percolating cluster.
P type2 89 — Similar to P type1 but uses the actual largest rigid cluster.

% Hyype1 > = Monitors the degree of disorder in the network and is sensitive to initial transitions in unfolding.

6 Hyypeo > = Similar to Hyyper but is sensitive to later transitions of folding-unfolding.

S-10



E316G

@ (b) (©
5 Pt l] l 5 IR 5 i } I [
0 §odhaw l.; ) l.{ l{‘iﬂu‘i}&ﬁl! 0 : “ !; ll,,m[l;gii} .;:}]'ﬁf[‘![‘ 0 : R T ,t.}'.ll ;} l}lﬁl!{‘él}&l{

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8

1S
A=)
S E361G
< 15 15 15
(d) i (e) H ®
10 1 10 ) i 10
5 D e 5 P t il ® i . 1
H i 4 i { e g 14 I3 I 1 art
-5 | -s B
-10 -10 -10
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Distance from 114 [nm] Distance from 318 [nm] Distance from 359 [nm]

Figure S9: Scatter plot of the difference in rigidity index (r;) of mutant (b, ¢, d - E316G; e,
f, g - E361G) and WT and distance of residue from the one of the active site residues are
shown. Residues with statistically significant differences in r; are shaded in blue and red for

E316G and E361G, respectively.
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7 Organization of active site

MD trajectories indicate modified organization of the active site (Fig. S10) in both E316G

and E361G when compared to that of WT.
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Figure S10: Organization of active site measured by the distance between C, atoms of active
site residues and the angle formed between the side chain vectors as shown in (c) calculated
in one of the independent MD simulation trajectory. The line joining the C, atom of a
residue and the center of mass of side chain of the residue forms the side chain vector. The
2D distribution of the distance between C, atoms of active site residues and the angle formed
between the side chain vectors are show for each pair of active site residues at (a) 280 K,
(b) 300 K, (d) 320 K, (e) 340 K, and (f) 360 K. Brown and white regions in the heat maps
indicate high and low probable regions, respectively.
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8 Distance correlation between residue-residue fluctuations at different tem-

peratures

280 K 300K 320K 340K 360 K
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Figure S11: (a) deomr between residues in E316G (upper diagonal) and WT (lower diagonal)
at different temperatures, (b) de. between residues in E361G (upper diagonal) and WT
(lower diagonal) at different temperatures. These profiles are generated using one of the

independent MD simulation trajectories.
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9 Distance correlation between residue-residue fluctuations of mutant residues

316 and 361 with all other residues
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Figure S12: (a) deorr between E316 and other residues in E316G (blue) and WT (black) at
different temperatures , (b) deom between E361 and other residues in E361G (red) and WT
(black) at different temperatures. These profiles are generated using one of the independent
MD simulation trajectories.
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10 Correlation between residue-residue fluctuations and change in interaction

energies at 280 K
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Figure S13: deor between fluctuation of residue pairs in (a) E316G (upper diagonal) and WT
(lower diagonal), (b) Difference in average interaction energy between E316G and WT (up-
per diagonal) and standard deviation of interaction energy between E316G and WT (lower
diagonal). The error function is applied on the average interaction energies to normalize
the scale of the energies between -1 and 1 kJ/mol. (¢) de. between fluctuation of residue
316 and other residues in E316G (blue) and WT (black), (d) average interaction energy of
residue 316 and other residues in E316G (blue) and WT (black), de. between fluctuation
of residue pairs in (e) E361G (upper diagonal) and WT (lower diagonal), (f) Difference in
average interaction energy between E361G and WT (upper diagonal) and standard devi-
ation of interaction energy between E316G and WT (lower diagonal) scaled by the error
function, (g) deerr between fluctuation of residue 316 and other residues in E361G (red) and
WT (black), (d) average interaction energy of residue 361 and other residues in E361G (red)
and WT (black). These profiles are generated using one of the independent MD simulation
trajectories.
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11 Principal Component Analysis

Principal component analysis (PCA) is a linear dimensionality reduction technique that in-
volves the diagonalization of the covariance matrix of an input feature matrix. It is commonly
employed to describe the global motions of proteins in an essential dynamics space.>'© We
employed PCA to understand the general structural differences between WT GTL, the two
mutants E316G and E361G at 280 K. We featurized the ensemble of structures of the WT
and the mutants obtained from MD simulations using Cartesian coordinates of the backbone
C, atoms. The resulting covariance matrix is given by C;; = (z; — (z;)(z; — (x;))), where x
is the set of cartesian coordinates that describes atom i or j, and (...) represents an ensem-
ble average. We used the positions of C, atoms in both WT and the mutants from two of
the replicate simulations. Extracted Cartesian coordinates were concatenated into a single
feature covariance matrix, such that the principal component space was representative of all
three variants. In total, this resulted in a covariance matrix of size 1167 by 1167 with the
number of rows and columns equal to the number of C, atoms (= 389) times the number
of dimensions (=3). To estimate the ensemble average, we used 100000 frames from two
of the replicate trajectories of both WT and the mutants. The essential subspace of GTL
was then obtained by projecting C\,, atoms onto eigenvectors 1-5, which captured ~57% of
the total variance. We performed the covariance analysis and the projection of input fea-
tures onto principal components using gmx covar and gmx anaeig in GROMACS-2021.3,5!
respectively.

Fig. S14 shows the projection of each configuration of thermophilic WT (black) and
its improved mutants (E316G — blue, E361G — red) with psychrophilic traits sampled in
MD simulations at 280 K along the top five leading principal components. The WT and
the mutants share certain regions along the leading five PCs. The diverging areas indicate
that the leading PCs capturing the collective linear modes of the enzymes can be used for
differentiating the WT and the mutants (Fig. S14)

To understand the differences in the configurations of WT and mutants as well as mea-
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WT E316G E361G

PC3

Figure S14: Scatter plots showing the 2D projections of WT and the mutant ensembles
along every unique pair of the five leading principal components, PC1-PC5. Scatter markers
corresponding to WT, E316G, E361G are in black, blue, and red, respectively.

sure their relative favorability along the principal components, we mapped the free energy
landscapes (FEL) along the leading two principal components PC1 and PC2. FEL of both
WT GTL and the two mutants E316G and E361G along the leading two principal compo-
nents PC1 and PC2 are shown in Fig. S15. We obtained these FELs by computing the joint
probability distribution along PC1 and PC2 and setting the minimum free energy, G to 0 k'T.
Free energies of both within combined WT /mutant ensembles as well as across the WT and
mutant ensembles are shown in Fig. S15a. Both WT and the mutants share some common
favorable regions with similar free energies along PC1-PC2 (Fig. S15a), which correspond to
the overlapped regions in the 2D scatter plots shown in Fig. S14.

To better understand the differences in the free energies within the individual ensembles
of WT and mutants, we calculated FEL of WT and variants along PC1 and PC2 separately
(Fig. S15b-S15d). Both WT and the mutants have favorable regions in different locations
along PC1 and PC2 (Fig. S15b-S15d). While these regions have similar free energies, the
configurations are different. Representative all-atom configurations in cartoon form cor-
responding to such favorable regions along PC1 and PC2 in WT, E316G and E361G are
marked as S1-S2, S3-S4, and S5-56 in Fig. 2b, Fig. S15¢, and Fig. S15d, respectively. These

representative configurations are illustrated in Fig. 515 S1-S6.
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The differences in the configurations of WT corresponding to S1 and S2 marked in
Fig. S15b are mainly associated with the collective motions along the lid region of the
enzyme. This can be seen in the superimposed structures of S2, where the marked points S1
and S2 in Fig. S15b are shown in transparent and opaque, respectively. A similar difference
is observed in the favorable structures of the mutants E316G and E361G relative to the WT.
The primary difference in the mutants is that the lid has a different arrangement relative
to the core a/ hydrolase fold of the enzyme GTL compared to the WT. This is consistent
with our analysis of RMSF (main text Fig. 2-4), which showed that the mutations mainly
influenced the lid domain fluctuations and its origin can be rationalized by the changes in
the lid arrangement and the resulting residue-residue correlations.

To further gain insights into the differences of the configurations of WT and mutants along
the leading principal components PC1-PC5, we checked correlations with typical structural
metrics such as root mean square deviation and radius of gyration. We observed that the
differences in the ensembles of WT and the mutants captured by the leading principal com-
ponent PC1 and PC2 correlate positively with the RMSD from the initial WT structure and
negatively with the radius of gyration of the enzyme. In addition, we observed PC1 and
PC2 negatively correlate with the distance between residues F181 and G219 around the lid
domain, which is known to undergo significant conformational changes upon activation®!!
as shown in Fig. 516. Together with the changes in lid domain arrangement, the correlation
with distance of F181-G219 indicates potential changes to the shape of the binding site and

consequently potential changes to the specific activity of the WT enzyme with mutation.
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Figure S15: Free energy landscapes of the WT GTL and the two mutants E316G and E361G
along the leading two principal components PC1 and PC2 and the representative minimum
structures corresponding to the favorable regions. (a) Free energies (G) of both WT and the
mutants along PC1 and PC2, showing the free energies within the WT ensemble and the
mutant ensembles as well as the relative free energies between the ensembles of WT and the
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Figure S15: (continued) two mutants. The favorable regions corresponding to WT (black),
E316G (blue), and E361G (red) are denoted by arrows. (b) Free energies of WT ensemble
along PC1 and PC2, (c¢) Free energies of E316G ensemble along PC1 and PC2, (d) Free
energies of E361G ensemble along PC1 and PC2. In (a)-(d), the free energy landscapes are
shifted to align the minimum free energy G at 0 kT. Representative minimum structures
corresponding to favorable regions in (b), (c¢) and (d) are marked using labels S1-S6 and
illustrated in S1-S6. (S1) Representative minimum structures corresponding to the favorable
region marked as S1 in panel (b) for WT are illustrated in opaque with helices in red,
beta strands in blue, and loops/coils in black. (S2) Representative minimum structures
corresponding to the favorable region marked as S2 in panel (b) for WT are illustrated in
opaque with identical color code as S1. The transparent snapshots illustrate the favorable
WT minimum structure marked as S1 in panel (b). The arrows from the transparent to
opaque structure highlight the transition from structure in S1 to the opaque structure in
S2. (S3) Representative minimum structures corresponding to the favorable region marked
as S3 in panel (c) for E316G are illustrated in opaque with identical color code as S1.
The transparent snapshots illustrate the favorable WT minimum structure marked as S1 in
panel (b). The arrows from the transparent to opaque structure highlight the changes in
structure in S1 corresponding to WT to the opaque structure in S3 corresponding to the
mutant E316G. (S4) Similar to S3 but the opaque structure illustrates the configuration
corresponding to S4 marked in panel (c). (S5)-(S6) Similar to representative structures
shown in (S3)-(S4) but those marked as S5 and S6 in panel (d) corresponding to the mutant
E361G. In (S1)-(S6), the differences in the structures (highlighted by dashed arrows) show
that configurations obtained in PC1 or PC2 regions are largely associated with changes in
the lid domain arrangement relative to the core o/ hydrolase of the enzyme.
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Figure S16: Scatter plots of the projection of the WT and mutant configurations sampled in
molecular dynamics simulations along the leading two principal components (PCs) colored
according to various structural properties and their Pearson correlation coefficient with the
leading five principal components. (a) Scatterplots of PC1-2, colored according to RMSD
of both WT and mutants relative to the initial WT structure. PC1 is positively linearly
correlated with RMSD. (b) Scatterplots of PC1-2, colored according to radius of gyration Rg
of WT and mutants. PC2 is negatively linearly correlated with Rg, indicating it inversely
varies with the size of the enzyme. (c¢) Scatterplots of PCI1-5 colored according to the
distance separating residues F181 and G219 around the lid domain. PC2 is also linearly
negatively correlated with this distance, indicating the potential origin of the differences in
the structures of the enzyme during the simulations. (d-f) The Pearson correlations between
the principal components and the measured structural properties are shown below their
respective plots.
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