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Text S1. Detailed computational and experimental methods.

EnzyHTP-based High-throughput modeling. The high-throughput enzyme modeling
package EnzyHTP is used to construct the high-throughput workflow in this work based on a
Python main script. The workflow consists of 6 steps: protein structure preparation, mutant
generation, folding stability calculation, molecular dynamics simulation, quantum mechanics
calculations, and post-analysis. The detailed operations in these steps in the script are described in
the separate sections below. A tutorial on building workflows like this using EnzyHTP can be
found on our documentation website: https://enzyhtp-
doc.readthedocs.io/en/latest/gkst general.html. The tutorial also contains details of each involved
function.

Protein Structure Preparation. The Protein Data Bank (PDB ID: 5D38)! provided the
crystal structure of KE07-R7-2 (defined as the WT), from which all the crystallizing water
molecules were subsequently removed. To match the original KEO7 design,? the N-terminal
alanine was changed manually to methionine, and the residues beyond Leu253 on the C-terminal
were deleted. PyMOLS? is used to align the substrate-bound KEO7 design model® with the apo
KEOQ7-R7-2 crystal structure. This alignment was used to construct the WT-substrate complex,
which was then used as the input structure of EnzyHTP. EnzyHTP prepares the structure for MD
simulations. rm_wat() is used to remove irrelevant water molecules, get protonation() is used to
add the missing hydrogens and determine the protonation state of titratable residues in the enzyme
(powered by the PDB2PQR* and PROPK A3’ interface in EnzyHTP), PDB2FF() is used solvate
and parameterize the enzyme for MD (powered by the AMBER?® #leap interface in EnzyHTP). In
detail, the AMBER ff14SB force field is used for the protein part,” and the generalized AMBER
force field® ? is used for the substrate, H5J (5-nitro-1,2-benzoxazole), using AM1-BCC model to
determine the atomic charges.'?

Random Mutation Generation. The add MutaFlag() function in EnzyHTP is used to
generate 80 random mutations. The position of the mutation and the residue after the mutation are
both randomly determined. The structure of the mutation is determined using the
PDB2PDBwLeap() function'! in EnzyHTP.

Folding Stability Calculations. Rosetta cartesian_ddg application is interfaced in
EnzyHTP to evaluate the folding free energy change for each of the 80 random single mutants.
get rosetta_ddg() is used to automate the process. In detail, the input structure was the crystal
structure of the apoenzyme prepared in the previous step. Before performing the folding free
energy calculations, the workflow conducted 10 iterations of conformational sampling using
relax with_rosetta(). The calculation was performed using a Cartesian coordinate representation
of the protein structure, and the pairwise interactions were evaluated by the full-atom energy
function within 9.0 A. The workflow employed the talaris2014 cart scoring function in the
calculation. The free energy minimum was obtained from the 10 iterations, and the difference
between the minima of the mutant and WT was used to calculate the folding free energy change
upon mutation.

Molecular Dynamics Simulations. For the 61 random mutants (Table S1) that passed the
folding stability test, the workflow performs MD simulations of the enzyme-substrate complexes
using PDBMD() (powered by the AMBERS interface in EnzyHTP, a local install of AMBER 18 is
used in this workflow specifically) The structures of enzyme mutants generated as described above
are used as the input structure of each MD simulation. The SHAKE algorithm!* was used to
constrain all hydrogen-containing bonds. To sample near transition state conformations throughout
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the simulations, the workflow applied geometric restraints between the substrate and key amino
acid residues from minimization to production runs (Fig. S1). The enzyme complexes were then
solvated in a periodic truncated octahedron box with a 10 A buffer of TIP3P water and were
neutralized with Na* counterions. For each mutant complex, the workflow first relaxed the whole
solvent box using the steepest descent method for 10000 steps followed by the conjugate gradient
method for another 10000 steps. After minimization, the workflow heated each box from 0 to
293.15 K within 36 ps with constant volume, equilibrated it for 4 ps under constant volume at
293.15 K, and further equilibrated at 293.15 K and 1 atm for 1 ns. In addition, the workflow
restrained the backbone Cq, C, and N of the amide group with a weight of 2 kcal'mol™!-A2 from
minimization to equilibration. After equilibration, the workflow carried out production runs for
110 ns and output the trajectories every 100 ps. The snapshots from the last 100 ns of the
production run were used for analyses, resulting in a total of 1000 snapshots for each production
run. All simulations were performed with a time step of 2 fs. The Langevin thermostat!> and
Berendsen barostat!® were used to control the temperature and pressure, respectively.

Apart from the variants mentioned above, we adopted the MD simulations for the WT and other
17 mutants originally reported in a previous benchmark work.!” The 17 mutants are single mutants
whose experimental kinetic data had been reported.'® The 17 mutants are S48N, H201A, H201K,
K222A, R16Q, N25S, I52A, M62A, H84Y, K132N, 1199S, 1199F, 1199A, K132M, K162A,
L170A, and E185A. The setups were the same as described in this section except that five parallel
simulations were conducted, resulting in 5000 snapshots for these 18 variants.

Quantum Mechanics Calculations. To acquire the dipole moment of the breaking C—H
bond, we conducted single-point electronic structure calculations using TeraChem'® 2° for 500
snapshots sampled from WT MD trajectories with a 1 ns interval. Each snapshot was converted to
an image in which the enzyme-substrate complex occupied the center of the box using the
autoimage function of the AMBER cppiraj utility.?! For each MD snapshot, the substrate and 14
surrounding amino acid residues were selected as the quantum mechanics (QM) cluster. The
selected residues included Ala9, LeulO, Ilel1, Ser48, Phe49, Trp50, Glul01, Asn103, Tyr128,
Vall69, His201, Arg202, Lys222, and Asp224. Our previous benchmark has shown that the
ranking of EF contributions from these residues correlated well with that of the activation free
energy across 18 KE variants.!” We assumed that the dipole moment based on the same residues
was also able to efficiently converge. The QM cluster boundaries cut the backbone amide C—N
bond. To cap the unbonded atoms, explicit H atoms were placed along the dangling C—N bond
vector, and the resulting N-H and C—H bond lengths were set to be 1.09 A. The electronic
structures were described using the range-separated exchange-correlation functional ®PBEh?? (w
= 0.2 bohr!) with 6-31G(d).?* This combination of method and basis set has been validated in the
study of large-scale electronic structure effects in catechol O-methyltransferase, cytochrome
P450cam, lysozyme, DNA methyltransferase, and Kemp Eliminase.!” 2* 2> The restrained
electrostatic potential (RESP) point charges?¢ of each snapshot were calculated for the following
dipole analyses.

Post Analyses. The workflow calculated the substrate positioning index (SPI), the electric
field of the breaking C—H bond (EFc-n, in MV/cm), and root-mean-square deviation from the
idealized active site (RMSDsrs, in A) as the average value from sampled MD snapshots. The
average of EFc_u for each enzyme variant were then used to calculate the electric field change of
the breaking C—H bond upon mutation (AEFc_n, in MV/cm) and electrostatic stabilization energy
(ESE) change of the breaking C—H bond upon mutation (AGele, in kcal/mol). The average values
are summarized in Table S2.
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SPI is the ratio of substrate SASA over the enzyme pocket SASA. For substrate SASA, all
atoms were included in the calculation. The enzyme pocket was defined using Ala9, Ile11, Ser48,
Trp50, Glul01, Tyr128, His201, Arg202, and Lys222. Our previous benchmark work on KE07-
R7-2 has shown that including these residues can balance the accuracy and efficiency in SPI
calculations.!” SASA was calculated using the Shrake and Rupley algorithm?’ embedded in the
Python library MDTraj.?® The probe radius was 1.4 A and the surface of each atom was represented
by 5000 grid points. EFcu was the projected (C to H as the positive direction) electric field
strength along the breaking C—H bond of the substrate. Within each MD snapshot, the EFc_n was
summed at the middle point of the breaking C—H bond from all atoms of the protein based on the
RESP charges used in the classical force field. Then the relative electric field change, AEFc_n, was
calculated as the difference of the average EFc_n from all MD snapshots between a mutant and the
WT: AEFq_y = (EF4RYy — (EFVY). We universally used the WT dipole moment (pg'3;) of
0.285 a.u. to estimate the ESE for all the enzyme variants. This value was the average from 500
QM cluster calculations. In each QM cluster, the C—H bond dipole projection (C to H as the
positive direction) along this bond was calculated based on the wave functions of the molecular
orbitals using the wavefunction analyzer Multiwfn.?’ ESE change (AGeic) of the breaking C-H
bond was estimated as the negative product of the electric field change along this bond (AEFc 1)
and the WT dipole moment of this bond (p¢'§;): AGele = —AEFc g - p&’y;. For RMSDirs, we
included all the heavy atoms of the substrate and C, and side chain of the amino acid residues
Trp50, Glul01, and Lys222. The rationally designed model reported by Réthlisberger et al. was
used as the reference structure.> The mass-weighted RMSD was calculated using the cppiraj utility
of AMBER.?!

Kernel Density Estimation. The kdeplot function from the Seaborn python package’® was
used to perform the Kernel Density Estimation to generate the graphic. The default kernel
(Gaussian) and band width selection method (Silverman's rule of thumb method) were applied.

Standard error of the free energy difference. The free energy difference is calculated as

AAGT = —RTIn AVE(mut)
AVE(WT) *

respectively, and RT is taken to be 0.593 kcal/mol at 298 K. AVE() refers to the average value of

the experimentally acquired kinetic parameters of kcat, Km, or kcayKm. The corresponding variance

of the kinetic parameter is defined as VAR(). The variance of ratio = % is calculated as

In this equation, R and 7 are the gas constant and temperature,

AVE(mut)2-VAR(WT)+AVE(WT)2-VAR (mut)

AVE(WT)*
then calculated as VAR (logarithm) = %. The standard error of free energy difference is

then calculated as RT ’w where n = 3 is the sample size.

Bacterial Strains, Plasmids, and Cloning. KEO7 was encoded by gene ke()7 with a
GenBank accession of GQ414538.1. The gene encoding KE07-R7-2, a variant of KE07,> was
derived from ke07 and named as keO7-r7-2. keO7-r7-2 was synthesized by Integrated DNA
Technologies (Morrisville, NC) and amplified by polymerase chain reaction (PCR) using Q5 High-
Fidelity Master Mix (New England Biolabs, Ipswich, MA) with primers listed in Table S3.
Subsequently, the amplified ke(07-r7-2 gene and pET-29b(+) vector (Novagen, Madison, WI) were
assembled by Gibson Assembly Master Mix (New England Biolabs, Ipswich, MA). The resulting
plasmid, ke07-r7-2/pET-29b(+), was transformed into Escherichia coli DH5a, extracted using the
Monarch Plasmid Miniprep Kit (New England Biolabs, Ipswich, MA), and sequenced by Azenta
Life Sciences (South Plainfield, NJ). To construct KEQ7-R7-2 variants, including WT, N247W,

VAR (ratio) = . The variance of logarithm = In(ratio) is
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K4M, R154W, D14F, E185A, and K37Q, PCR amplification was performed using ke()7-r7-2/pET-
29b as a template and primers containing the desired variants (Table S3). The amplified fragments
were then cloned into the remaining backbone of ke(7-r7-2/pET-29b(+) using Gibson Assembly
Master Mix. The resulting plasmids were transformed into E. coli DH5a, extracted using the
Monarch Plasmid Miniprep Kit and sequenced. Finally, the sequenced plasmids were transformed
into E. coli BL21 (DE3) for expression.

Protein Expression and Purification. A single colony from the transformed cells was

inoculated into 20 mL of Luria-Bertani (LB) medium supplemented with kanamycin (50 mg mL™")
and grown at 37 °C overnight with agitation at 220 rpm. The resulting culture was then used to
inoculate 1 L of kanamycin-supplemented LB medium and incubated at 37 °C with agitation at
220 rpm. Once the optical density of the culture at 600 nm reached 0.6, 0.5 mM isopropyl-p-D-
thiogalactopyranoside (IPTG, Fisher Scientific, Pittsburgh, PA) was added, and the culture was
subsequently incubated at 16 °C with shaking at 160 rpm for 16 h to induce enzyme expression.
The cells were harvested by centrifugation at 6,000 x g for 30 min at 4 °C.
To purify the enzymes, the cells were suspended in 25 mL of buffer A, which consisted of 25 mM
HEPES (pH 7.5, Boston Bioproducts, Milford, MA), 100 mM NacCl, and 5 mM imidazole. The
cells were then lysed through sonication on ice for 10 min. Cell debris was removed by
centrifugation at 20,000 x g for 40 min at 4 °C. The supernatant was mixed with 5 mL of Ni-NTA
resin (Invitrogen, Waltham, MA) and incubated under rotation overnight at 4 °C. The resin was
then washed with buffer B containing 25 mM HEPES (pH 7.5), 100 mM NacCl, and 20 mM
imidazole to eliminate non-target proteins. The target proteins were eluted with buffer C consisting
of 25 mM HEPES (pH 7.5), 100 mM NaCl, and 250 mM imidazole. The purified proteins were
dialyzed in buffer D, which contained 25 mM HEPES (pH 7.25, Teknova, Hollister, CA), 100 mM
NaCl and 5% glycerol at 4 °C for 24 h. The purity of the proteins was determined using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Kinetic Analyses. To determine the kinetic parameters (Vmax, kcat, Km, and kca/Km) of KEQ7-
R7-2 variants, their activities were assayed using 5-nitro-1,2-benzoxazole as substrate. The
substrate with concentrations ranging from 5 to 1500 uM was prepared by diluting a 100 mM stock
in acetonitrile. The reactions were performed at 25 °C in 25 mM HEPES (pH 7.25), 100 mM NaCl,
5% glycerol, and 1.5% (v/v) acetonitrile. Notably, to avoid distortion in the curvature of the
Michaelis plots due to varying acetonitrile concentrations, the volume of acetonitrile was adjusted
to maintain a consistent final concentration of 1.5% (v/v) in all reaction mixtures.?! The reactions
were initiated by adding 50 pL of the enzyme (8 uM final concentration) to 150 pL of the substrate
in a 96-well plate (Corning-Costar, Corning, NY). The formation of the product was monitored at
380 nm using a SpectraMax iD3 microplate reader (Molecular Device, San Jose, CA). An
extinction coefficient of 15,800 M™! cm™! was used to calculate reaction rates. Vimax and Km were
determined by nonlinear regression with the Michaelis-Menten model using GraphPad Prism
software version 8. kca/Km Was calculated to determine the catalytic efficiency of the enzymes.
Three biologically independent replicates were used to calculate means and standard errors.
Statistical significance was analyzed using GraphPad Prism software version 8 by performing
analysis of variance (ANOVA) and Tukey’s post hoc multiple comparisons tests.
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Table S1. Folding free energy change upon mutation (stability) for 80 randomly generated single
mutants of KEO7-R7-2. The stability is predicted by the cartesian_ddg application of the Rosetta
software suite. The unit of stability is the Rosetta energy unit (REU). The stability values of the
enzyme variants are arranged in ascending order. The 5 mutants that are experimentally tested in
this work are shown in bold and the 19 variants with stability values larger than 10 REU are shaded.

Index Variant Stability |Index Variant Stability | Index Variant Stability
(REU) (REU) (REU)
1 SS90V -4.957 28 E57R 0.574 55  @G217S 6.443
2 S229Q -3.678 29  K37Q 0.603 56 VI57Q 6.448
3 K4w -3.554 30 D224F 0.647 57 A8M 6.995
4 A223V -3.434 31 E46Y 0.754 58  M62S 8.089
5 K242C -3.292 32 N247W 0.977 59 G205E 8.441
6 K4M -2.960 33 G245E 1.022 60  G8ON 9.326
7 E212C -2.691 34  S144T 1.127 61 T194D 9.869
8 AM -2.191 35 D8SF 1.428 62 VI57D 10.443
9 E24C -1.642 36 142V 1.506 63  G30P 10.568
10 E24Y -1.618 37 TI14R 1.510 64 F120N 11.375
11 S229G -1.469 38 K131 1.715 65 L112G 11.609
12 H244K -1.464 39 Y240M 1.738 66 L170R 11.899
13 R59V -1.351 40  VI8L 1.743 67 V2348 11.928
14 N109I -1.255 41 E91R 1.972 68 L112D 12.216
15 E71H -1.155 42 K4Q 2.285 69 VIOW 12.581
16 KI147F -1.093 43 T194M 2.351 70 F102A 13.082
17 GISW -0.894 44 TI195D 2.354 71 16G 14.200
18 SIIIT -0.796 45  L152T 2.549 72 V160D 14.419
19 S180H -0.466 46 RI175E 3.603 73 L237W 15.490
20 E87Y -0.377 47  Y3OM 3.832 74  A221P 16.773
21 N109D -0.347 48 R133C 4.152 75  DA45P 18.094
22 F38L -0.344 49 RI154W 4.301 76  G36K 20.679
23 TI114W 0.004 50 R5Q 4.358 77 F49pP 20.730
24 K99F 0.067 51 A223M 4.688 78  A97K 20.954
25 L1931 0.268 52 I11E 5.284 79 L241R 21.003
26 DI14F 0.273 53 DI74E 5.590 80 K238P 23.081
27 E185T 0.279 54 175Y 5.954
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Substrate

Figure S1. Constraints applied in the MD simulation. The cutoff distance between Glul01
carbonyl O and substrate deprotonated C, disc-o, is 2.93 A. The cutoff distance between Lys222
N: and substrate O in the ring, diso., is 4.00 A. A weight of 100 kcal mol! A2 is applied if the
distance is larger than the corresponding cutoff.

Table S2. Values of molecular dynamics-derived descriptors for the 15 variants investigated in
this work. The descriptors include substrate positioning index (SPI), electric field along the
breaking C—H bond (EFc_n), electric field difference along the breaking C—H bond upon mutation
(AEFc-n), electrostatic stabilization energy difference upon mutation (AGeje), and root-mean-
square deviation from the idealized transition state (RMSDjrs). SPI, EFc_n, and RMSDirs are
averages from the corresponding MD snapshots. Those values are the means + standard deviations.
Averages with different superscript letters within the same column are significantly different. The
variants that do not satisfy the electric field selection criteria (AEFc_n between £2.88 MV/cm) are
shaded. Mutants from random mutations (N247W, K4M, R154W, D14F, and K37Q) are averaged
from 1000 snapshots, and other variants including the WT are averaged from 5000 snapshots.

Index | Variant | SPI EFcn AEFcn AGepe RMSDirs (A)
(MV/cm) (MV/cm) (kcal/mol)
1 WT 1.42+0.18 | 75.75+16.38 0 0 0.94+0.16
2 | N247W | 1.29+0.08 | 73.26+15.87 -2.49 0.086 0.98+0.15
3 K4M 1.43+0.15 | 73.00+19.84 -2.75 0.095 0.94+0.14
4 | R154W | 1.56+0.23 | 74.79+15.76 -0.96 0.033 0.89+0.15
5 D14F 1.61+0.15 | 76.85£16.95 1.11 -0.038 1.03+0.14
6 | EI8A | 1.65+0.20 | 76.31+15.59 0.56 -0.020 0.95+0.15
7 K37Q | 1.68+0.18 | 78.28+15.57 2.54 -0.088 0.98+0.16
8 S48N 1.23+0.12 | 81.42+17.53 5.68 -0.197 1.14+0.21
9 | H201A | 1.17+0.16 | 75.45+22.18 -0.30 0.010 1.14+0.21
10 | M62A | 1.30+0.14 | 75.18+16.86 -0.56 0.020 1.01+0.19
11 N25S 1.35+0.15 | 77.94+19.62 2.19 -0.076 0.93+0.18
12 | KI62A | 1.38+0.17 | 77.34+18.39 1.59 -0.055 0.95+0.21
13 [KI32M | 1.40+0.19 | 74.39+16.84 -1.36 0.047 0.88+0.14
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14 H84Y 1.42+0.21 78.28+18.46 2.53 -0.088 0.95+0.15
15 L170A 1.68+0.36 73.78+17.60 -1.97 0.068 0.95+0.16
0.03 T T T T T T T T
— WT \ — H201A
— N247W i M62A
K4M — N25S
5. 002 — Ri5aw K162A
= D14F — K132M
‘0O E185A — H84Y
C K37Q L170A
)
Qo 0.01F .
0 ! 7 s I i
-50 0 50 100 150 200

EFc_y (MV/cm)

Figure S2. Distribution of the snapshot electric field along the substrate breaking C—H bond (EFc-
1) for 14 KEO07-R7-2 variants examined in this work. The bin size is 5 MV/cm.

Table S3. Primer sequences used in this work.

Tm
Construct  Primer Template Sequence 5°-3’ ¢0)
tttaagaaggagatatacat ATGCTGGCGAAAC
For 1 ke07-r7-2 64
B GTATTGA
tctctcacatcgatttcgcgGGAGTGAAAAACC
ke07-r7-  Rev_1 ke07-r7-2 64
GAATCGG
2/pET-29b
For 2 pET-29b CGCGAAATCGATGTGAGAGA 60
ATGTATATCTCCTTCTTAAAGTTAAA
Rev 2 pET-29b 60
- CAAA
For 3 ke07-r7-2/pET-  gaaacatggggtatgggtccGACTGGAAGGCT 6
or
- 29b TGGGTA
Rev 3 ke07-r7-2/pET-  tccagtttggaacaagagtcCACTATTAAAGAA 6
ev
n247w/ - 29b CGTGGACTCC
pET-29b ke07-r7-2/pET-
For 4 -~ GACTCTTGTTCCAAACTGGAAC 62
ke07-r7-2/pET-  ggacccataCCCCATGTTTCTTTAAATAC
Rev 4 62
- 29b TCTTTG
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ke07-r7-2/pET-

atatacatatgctggcgatgCGTATTGACGCCG

For 5 62
- 29b CATTAAT
Rev 3 ke07-r7-2/pET-  tccagtttggaacaagagtcCACTATTAAAGAA 6
ev
k4m/pET- - 29b CGTGGACTCC
29b ke07-r7-2/pET-
For 4 -~ GACTCTTGTTCCAAACTGGAAC 62
ke07-r7-2/pET-
Rev 6 -~ catCGCCAGCATATGTATATCTCCT 62
ke07-r7-2/pET-
For 7 -~ tggGATTGGGTCGTTGAGGTAGA 62
Rev 3 ke07-r7-2/pET-  tccagtttggaacaagagtcCACTATTAAAGAA 6
ev
r154w/pE - 29b CGTGGACTCC
T-29b ke07-r7-2/pET-
For 4 -~ GACTCTTGTTCCAAACTGGAAC 62
Rev 8 ke07-r7-2/pET-  acctcaacgacccaatcccaCAGAAGGATCCC 6
ev
- 29b GGTGTT
For ke07-r7-2/pET-  attaataatgaagtttggccGCGTTGTCAAAGG 6
or
- 29b TAGCAAT
Rev 3 ke07-r7-2/pET-  tccagtttggaacaagagtcCACTATTAAAGAA 6
ev
d14flpET- - 29b CGTGGACTCC
29b ke07-r7-2/pET-
For 4 -~ GACTCTTGTTCCAAACTGGAAC 62
ke07-r7-2/pET-  ggccaaacttcATTATTAATGCGGCGTCA
Rev_ 10 62
B 29b ATACG
ke07-r7-2/pET-
For 11 -~ gcgATGATACGGTTTGTCCGTCC 62
el85a/pE Rev 3 ke07-r7-2/pET-  tccagtttggaacaagagtcCACTATTAAAGAA 0
ev
T-29b - 29b CGTGGACTCC
ke07-r7-2/pET-
For 4 -~ GACTCTTGTTCCAAACTGGAAC 62
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ke07-r7-2/pET- cggacaaaccgtatcatcgcGGTATCGTAACC

Rev 12 62
- 29b GGATTTCG
ke07-r7-2/pET-
For 13 -0 caaTTCTATTCCGAAATTGGCATCG 62
Rev 3 ke07-r7-2/pET-  tccagtttggaacaagagtcCACTATTAAAGAA 0
ev
k37q/pET- - 29b CGTGGACTCC
29b ke07-r7-2/pET-
For 4 -0 GACTCTTGTTCCAAACTGGAAC 62
ke07-r7-2/pET-  ccaatttcggaatagaattgTCCCAACTCTACC
Rev 14 62
- 29b GGATC

AAA AA

Figure S3. Sanger sequencing chromatograms depicting site-directed mutagenesis in KEQ7-R7-2
variants. DNA sequences carrying mutations K4M, K14F, and K37Q are read in 5' to 3' (forward)
direction, while those carrying N247W, R154W, and E185A are in 3' to 5' (reverse) direction.
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Figure S4. SDS-PAGE analysis of the purified KE07-R7-2 variants. M, protein molecular weight
marker; lane 1, KEO7-R7-2; lane 2, N247W; lane 3, K4M; lane 4, R154W; lane 5, D14F; lane 6,
E185A; lane 7, K37Q.
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Figure S5. Scatter plots for the efficiency-enhancing free energy barrier changes upon mutation,
AAG:H, vs. the substrate positioning index calculated using solvent-exclusive surface area (SESA)
in place of solvent-accessible surface area (SASA). The plot contains 14 KE07-R7-2 variants
shown in Fig. 4b except S48N. The horizontal dashed line indicates the position of AAijf =0
where catalysis efficiency does not change; The vertical dashed line indicates the position of SESA
ratio = 0.138 where the most beneficial mutant, i.e., R154W locates. The vertical dashed line is
also the boundary of the piecewise linear fitting. The fitting lines are shown in red and labeled
with the corresponding Pearson correlation coefficient (). The data of R154W is included in both
fitting lines. The SPI values calculated using SESA, i.e., SESA ratio, showed significantly less
variation, indicating that it was poor to reflect changes in substrate positioning upon mutation.
Although both methods consider all the atoms of the selected residue, they also include surface
areas that are far from the binding pocket. In this regard, SASA contains a smaller portion of
substrate-positioning-irrelevant surface areas than SESA. Consequently, SASA exhibited better
descriptive performance than SESA.
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Table S4. Experimentally characterized kinetic parameters of the purified KE07-R7-2 variants.
The measurements were recorded in 20 mM HEPES at pH 7.25 containing 100 mM NaCl, and 5%
glycerol at 25°C. The substrate (5-nitroxybenzisoxazole) was dissolved in acetonitrile and the
enzymatic assay contained a final concentration of acetonitrile at 1.5% (v/v). Km and Vmax were
determined by nonlinear regression with the Michaelis-Menten model using Prism 8. The
superscripts of the kinetic data are the results of Tukey’s post hoc multiple comparisons tests.
Values are the means =+ standard errors (n = 3). Averages with different superscript letters within
the same column are significantly different.

KE07-R7-2 variant ket (s7) Ky (mM) kea/ K (M! 571
WT 0.93+0.072 0.47+0.042 1983.72+33.25b¢
N247W 1.83+0.014 1.14+0.11° 1636.914+159.922b
K4M 1.3540.06% 0.60+0.022 2241.25+99.75¢
R154W 1.72+0.17¢d 0.61+0.052 2818.00+54.11¢
DI14F 0.98+0.112 0.43+0.03% 2252.38+98.68°¢
E185A 0.83+0.062 0.46+0.012 1817.66+155.06°¢
K37Q 0.66+0.072 0.56+0.032 1180.39+50.002

Table S5. Values of computed kinetic parameters for the 15 variants investigated in this work.
Computed kinetic parameters are based on the experimentally characterized data shown in Table
S4 and previously reported ones.!® These data include the percentages of kear, Km, and kca/Km
relative to the wildtype (%WT) and the corresponding contributions to the free energy changes

upon mutation, i.e., AAG,fcat, AAG;M, and AAG:H.

Index | Variant | kcat AAGIfcat Km AAGI:EM kea/ K AAszf
oWD)* | (kcal/mol) | (PWD* | (keal/mol) | PWD* | (kcal/mol)

1 WT 100 0 100 0 100 0
2 N247W 196.77 -0.40 242.55 -0.53 82.52 0.11
3 K4M 145.16 -0.22 127.66 -0.14 112.98 -0.07
4 R154W 184 .95 -0.36 129.79 -0.15 142.06 -0.21
5 D14F 105.38 -0.03 91.49 0.05 113.54 -0.08
6 E185A 89.25 0.07 97.87 0.01 91.63 0.05
7 K37Q 70.97 0.20 119.15 -0.10 59.50 0.31
8 S48N 12.35 1.24 169.46 -0.31 7.29 1.55
9 H201A N/A N/A N/A N/A 543 1.73
10 M62A 79.01 0.14 133.17 -0.17 59.35 0.31
11 N25S 71.60 0.20 117.69 -0.10 61.36 0.29
12 K162A 88.89 0.07 102.95 -0.02 86.33 0.09
13 K132M 88.89 0.07 86.49 0.09 102.76 -0.02
14 H84Y 95.06 0.03 122.11 -0.12 77.84 0.15
15 L170A 80.25 0.13 83.05 0.11 96.93 0.02

*For the calculation of percentage compared to the WT, the denominator used the values measured
in this work (kcat = 0.93 s7!, Km = 0.47 mM, and kca/Kv = 1983.72 Mt 1) for variants 1 to 7 and
the result reported by Bhowmick et al.'® (keat = 0.81 s7!, Kp = 0.407 mM, and kca/Km = 1990 M-!
s’!) for variants 8 to 15.
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Text S2. Decomposition of the change of transition state stabilization free energy upon mutation

AAGTS, (e, AAGly) into kea (AAGS ) and Kw (AAGR ) components.

Correlations between AAG,TCat and SPI and between AAG,?M and SPI. Pearson correlation

coefficients between AAG,TCat and SPI are -0.33 and 0.97 for SPI < 1.56 and > 1.56, respectively
(Figure S6a). N247W is the main reason of the low correlation under SPI < 1.56. The correlation
is improved to -0.89 without N247W’s AAG,fcat. AAG;EM has a poor correlation to SPI (Figure S6b).
Compared to AAG,fcat, the inclusion of Kv in the calculation of activation free energy difference,
ie., AAG;Fff, significantly improves the correlation in the range of SPI < 1.56: The Pearson
correlation coefficient changes from -0.33 (AAG,fCat against SPIL, Figure S6a) to -0.82 (AAGXS, or
AAszf against SPI excluding H201A, Figure 3a).

Influences of mutation N247W on kca and Kyv. The inconsistent observation of the enhanced
reactivity (negative AAG,fcat) and reduced binding (negative AAG;EM) of N247W is closely related
to the configuration change of the active site. To identify the source of change, we decomposed
the total pocket SASA to residue contributions. As shown in Table S6, 84% of the SASA change
comes from Arg202. Further analysis of the N247W trajectory reveals a much more frequent side
chain flip of Arg202 compared to the WT (Figure S7b Top). The flip causes a partial block of
substrate’s entering window (Figure S7a), weakening the binding affinity of N247W compared to
the WT. As a result, the corresponding Km increases a lot and the AAG;EM has a large negative
value. As a support, the calculated binding free energy of N247W using the MM/PBSA method is
higher than the WT: The results of WT and N247W are -7.15 and -4.34 kcal/mol, respectively.
However, once the substrate manages to squeeze into the pocket, the flipped guanidino group of
Arg202 forms strong electrostatic interaction with the nitro group of the substrate, leading to a
more rigid positioning of the active conformations. This contributes significantly to the increase
of kcar compared to the WT and the AAG,TCat has a large negative value. The dual function of Arg202
in N247W provides a representative case where the SPI can reflect both the substrate binding and
the chemical transformation. In addition, we observed a similar Oca-cs-cG-cp distribution of Arg202
of R154W to that of N247W (Figure S7b). This indicates that the blocking effect of Arg202 to
impair the substrate binding also exists in R154W, which is consistent with the negative AAG;EM
value shown in Figure S6b.
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Figure S6. Correlation between the Acat (AAG,fcat, a)and Kwm (AAG;EM, b) components of the

effective activation free energy change upon mutation (AAG:H) versus the substrate positioning
index (SPI) for KEO7-R7-2 variants that are experimentally tested in this work (blue) and reported
by Bhowmick et al.'® (orange). The kcar and Ky components of AAijf are calculated as AAG;fcat =

mutant mutant

—RT In % and AAG;M = —RTIn ]\I/I{I‘JIVT , respectively. For each data point tested in this work,

cat

the mean and standard error (shown as the vertical error bar) are derived from three independently
repeated kinetic measurements. In each plot, the horizontal dashed line indicates the position of
AAG* = 0. The vertical dashed line indicates the position of SPI = 1.56 where the beneficial
mutant R154W is located. The vertical dashed line is also the boundary of the two-segment
piecewise linear fitting. The fitting lines are shown in red and labeled with the corresponding
Pearson correlation coefficient (7). The data point of R154W is included in both fitting lines. The
detail of the standard error calculation is described in Text S1.

Table S6. Solvent-accessible surface area (SASA) decomposition of WT, N247W, and R154W
mutants. The values are in A2 and are based on the averages from MD snapshots. The difference
is calculated as the value of the mutant subtracts from that of the WT. The SASA differences
contribute most to the SASA change, i.e., Arg202 in N247W and Trp50 and Ser144 in R154W,

are highlighted in bold.
Residue WT N247W DiffN247W R154W Diffrisaw
Index

Pocket 9 4.62 3.99 -0.63 5.40 0.78
11 47.43 49.21 1.78 49.05 1.61
48 1.51 0.81 -0.70 1.33 -0.18
50 55.58 57.31 1.72 40.17 -15.42
101 3.05 3.75 0.70 2.23 -0.82
128 21.30 23.50 2.20 19.35 -1.95
201 18.41 16.40 -2.01 12.86 -5.55
202 67.49 84.64 17.15 71.19 3.70
222 7.12 7.80 0.69 6.65 -0.46
Pocket sum 226.52 247.42 20.91 208.22 -18.30
Ser144 loop 141 20.50 20.31 -0.20
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142 3.29 2.72 -0.56
143 119.74 118.89 -0.85
144 112.86 76.10 -36.76
145 13.89 7.41 -6.48
146 111.71 110.48 -1.23
147 132.92 137.32 4.39
a b
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Figure S7. The molecular mechanism underlying the impact of N247W and R154W mutations on
enzyme kinetics. (a) Representative conformation of WT (gray) and N247W (orange) with residue
Arg202 and substrate shown in stick. The surfaces of Arg202 are also shown. The conformation
of WT is the same as Figure 4 in the main text. The conformation of R154W was chosen because
its Arg202 SASA is closest to the average shown in Table S6. In the two specific conformations
shown in (a), the Oca-cB-cg-cp of Arg202 are -174.3 and -64.6° for WT and N247W, respectively.
The highlighted close distance between Arg202 guanidino H and substrate nitro O is 2.9 A. (b)
Distributions of dihedral angle Oca-ce-.cg-cp of Arg202 in WT, N247W, and R154W. The
distribution is derived from the corresponding MD snapshots. An illustration of the rotation axis
CB-CG is shown in the top panel.
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Figure S8. Scatter plots for the correlation between the change of activation free energy (AAGiEff
versus the root-mean-square deviation from the idealized transition state (RMSDirs) of the KE
variants within the electric field window between +2.88 MV/cm. The fitted line is shown in red
and labeled with the corresponding Pearson correlation coefficient.
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