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General considerations

Chemicals were purchased from Sigma-Aldrich (UK) and TCI (Belgium/Japan), and used without further
purification unless specified. The unnatural amino acid p-azido phenylalanine (pAzF) was purchased as
the enantiopure freebase from Iris Biotech (DE). Plasmid pEVOL-pAzFRS.2.t1 was a gift from Farren
Isaacs (Addgene plasmid # 73546)." E. coli strains NEB10B and BL21(DE3) (New England Biolabs) were
used for cloning and expression. Unless otherwise noted, cells were made chemically competent using
the Inoue protocol.? DNA primers were synthesised by Eurofins genomics (Germany) and Sigma-Aldrich
(UK). Plasmid Purification (QlAprep Spin Miniprep Kit) and PCR clean-up kits (QIAquick PCR Purification
Kit) were obtained from QIAGEN (Germany). Sanger DNA sequencing was carried out by Eurofins
genomics (Germany). Phusion polymerase, HF buffer 10X, deoxynucleotide (dNTP) solution mix,
dimethyl sulfoxide (DMSO), Dpnl and 2X HiFi Assembly mastermix were purchased from New England
Biolabs. Pfu Turbo DNA polymerase was purchased from Agilent (USA). Strep-tactin columns (Strep-
Tactin® Superflow® high capacity) and Desthiobiotin were purchased from IBA-Lifesciences (Germany).
Concentrations of DNA and protein solutions were determined based on the absorption at 260 nm or
280 nm on a Thermo Scientific Nanodrop 2000 UV-Vis spectrophotometer. Molar extinction
coefficients of protein mutants were approximated using the ProtParam Expasy web server
https://web.expasy.org/protparam/. UV/Vis absorption spectra and kinetic assays were recorded at
25 °Con aJasco V-660 spectrophotometer unless specified. CD spectra were recorded on a Jasco J-810
CD Spectrometer using 1 mm quartz cuvettes. High-Resolution Mass Spectrometry (HR-MS)
measurements were performed using a Thermo LTQ Orbitrap XL. Low-Resolution Mass Spectrometry
(LR-MS) measurements were performed using a Waters Acquity H-class UPLC with Waters Xevo G2
QTOF. Theoretical molecular weights of proteins were calculated using the Thermo FreeStyle™
application.

Methods

General PCR protocol for site-directed mutagenesis

PCR was performed in 50 uL total volume containing HF buffer (5x stock solution), dNTPs mixture (0.2
mM each dNTP), DNA template (10-30 ng), primers (0.3 uM), DMSO (3 % v/v) and Phusion polymerase
(1 U). The mutations were introduced using the appropriate primer pairs (see table Primer sequence).
The reactions were then briefly centrifuged, transferred to a thermocycler (Eppendorf Mastercycler)
and subjected to the following Touch-Down PCR program: (1) initial denaturation (95 °C, 6 min), (2) 20
cycles of denaturation (95 °C, 30 s), annealing (from 65 °C to 45 °C with steps of -1 °C/cycle, 30 s), and
extension (72 °C, 2 min and 10 s), (3) 10 cycles of denaturation (95 °C, 30 s), annealing (45 °C, 30 s),
and extension (72 °C, 2 min and 10 s), (4) a final extension (72 °C, 2 min). The resulting PCR product
was digested by addition of 20 U of Dpnl and incubated for 1 h at 37 °C. Afterwards, 5 uL of PCR reaction
was transformed via heat-shock at 42 °C for 45 s in chemically competent E. coli NEB10B cells for
storage or in chemically competent E. coli BL21(DE3) containing the plasmid pEVOL-pAFRS2.t1 for
protein expression. The transformation mixture was spread onto Luria-Bertani (LB)-Agar plates
containing ampicillin (100 pg/mL) for E. coli NEB10B cells or ampicillin (100 pg/mL) and
chloramphenicol (34 pg/mL) for E. coli BL21(DE3) cells. After incubation overnight at 37 °C, single
colonies were picked and transferred into 5 mL of LB supplemented with the appropriate antibiotic.
After incubation overnight at 37 °C, shaking at 135 rpm, the densely grown culture was used to prepare
a glycerol stock (17% v/v glycerol) and for miniprep (kit from QIAGEN (Germany)) and Sanger
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sequencing of the mutated plasmid. The site-directed mutagenesis for the preparation of the library
of distal mutants followed the same Touch-Down protocol with minor modifications: the extension
time was doubled to account for the speed of PfuTurbo DNA polymerase. The consensus sequence
was prepared in two consecutive steps: (1) Gibson assembly? to incorporate 5 point mutations (A11G,
A48G,T52P, F54L, M89L), (2) Quikchange site-directed mutation to incorporate one mutation (V28G).
Gibson assembly was performed on three fragments called BB, F1 and F2 (3803 bp, 161 bp, and 127
bp respectively). Fragment BB was obtained with standard PCR protocol using the primers
Cons_M89L fwd and Cons_A11G_rv. Fragment F1 was amplified with primers Cons A11G_fwd and
Cons_A48G_T52P_F54L_rv. Fragment F2 was amplified with primers Cons_A48G_T52P_F54L fwd and
Cons_MB89L _rv. Gibson assembly was performed with a molar ratio 1:3:3 of BB:F1:F2 with 75 ng of BB
in 20 pL (10 pL 2X HiFi Assembly mastermix and 10 pL of DNA fragments mixture) at 50 °C for 1 h. The
assembly product (5 pL) was transformed into E. coli NEB10B and the plasmid DNA was harvested as
described before. Upon confirmation of the mutations via Sanger sequencing, the plasmid obtained
was used as template for the next step of mutagenesis to incorporate mutation V28G. Standard PCR
protocol was employed using Cons_V28G_fwd and Cons_V28G_rv as primers. Mutation was confirmed
by Sanger sequencing.

Library preparation in 96-well plate

Transformants, either from agar plate or glycerol stock, were inoculated in a 96-deep well plate in 1
mL of LB supplemented with ampicillin (100 pg/mL) and chloramphenicol (34 pg/mL). Every plate
contained the following controls, each in triplicate: LmrR_RMH, LmrR_V15pAF and LmrR wild-type.
The resulting plate was incubated overnight at 37 °C shaking at 900 rpm (Titramax 1000 & Incubator
1000, Heidolph). Afterwards, 50 uL of the overnight culture was used to inoculate at least 3 plates
containing 1100 uL of fresh LB supplemented with antibiotics and incubated for 4 h at 37 °C shaking at
900 rpm. Subsequently, protein production was induced by addition of 50 uL LB media, containing IPTG
(1 uL of a 1 M stock solution), arabinose (1 pL of a 20% arabinose stock solution) and p-
azidophenylalanine (pAzF) at a concentration of 20 mM (final concentrations: IPTG = 0.8 mM,
arabinose = 0.017%, pAzF = 1 mM). To avoid precipitation of the unnatural amino acid, pAzF was
dissolved by addition of 1 equivalent of base (1 M NaOH) prior to addition to the LB media. Plates were
then incubated at 30 °C for 16 hours while shaking (900 rpm) and harvested by centrifugation (3000 x
g at 4 °C for 20 minutes). The pellet was washed in 500 pL of Buffer R (50 mM Na;HPO,4, 150 mM NaCl,
pH =7.5) and centrifuged again (3000 x g at 4 °C for 20 minutes) to remove any residues of LB from
cells and froze overnight at -20 °C. Lysis of the cells was performed by resuspension in 300 pL of lysis
buffer containing Buffer R, protease inhibitor cocktail (Roche cOmplete), lysozyme (1 mg/mL), DNase |
(0.1 mg/mL) and MgCl, (10 mM). Cells were incubated for 2 h at 30 °C at 900 rpm to ensure full cell
lysis was achieved. Afterwards, the ncAA pAzF was reduced to p-aminophenyl alanine (pAF) via
Staudinger reduction by supplying the lysate with 30 L of TCEP (tris(2-carboxyethyl)phosphine) stock
solution (100 mM in Buffer R, 10 mM final concentration). Reduction was performed at room
temperature for at least 1 h shaking at 900 rpm. Cell debris were removed with centrifugation for 45
min at 4 °C, 3000 x g. The cleared lysate was immediately assayed for activity.

Combinatorial library preparation and screening

The combinatorial library was made following the multichange isothermal (MISO) assembly
procedure.* The PCR was performed following the general protocol described with plasmid
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PET17b_LmrR_RMH_F54L as template (12 ng). For the backbone fragment, the primers used were
162NDT _rv and N88VHG fwd (0.3 uM, theoretically corresponding to 25 nM for each codon)
supplemented with the primers that would include the 162W mutation and ensure the presence of
N88Q in the diversity, namely 162W _rv_2 and N88Q_fwd_2 (25 nM each). For the insert fragment,
primers used were N88VHG_rv and I62NDT_fwd (0.3 uM) supplemented with primers N88Q rv_2 and
162W_fwd_2 (25 nM each). For the backbone fragment, amplification was achieved according to the
following program: (1) initial denaturation (98 °C, 3 min), (2) 20 cycles of denaturation (98 °C, 30 s),
annealing (50 °C, 30 s) and extension (72 °C 2 min), (3) final extension (72 °C, 10 min). The insert
fragment was amplified as follows: (1) initial denaturation (98 °C, 3 min), (2) 20 cycles of denaturation
(98 °C, 30's), annealing (58 °C, 30 s) and extension (72 °C 20 s), (3) final extension (72 °C, 10 min). Both
the backbone and insert fragment PCR products (5 pL) were run on 1% agarose gel to confirm
amplification (data not shown, backbone was 3965 bp, insert was 98 bp). PCR clean-up of the
remaining 45 pL was performed. Gibson assembly of backbone and fragment was performed using a
molar ratio of 1:5 respectively (80:10 ng) in 20 pL (10 pL 2X HiFi Assembly mastermix and 10 pL of DNA
fragments mixture) at 50 °C for 1 h. The assembly mix (5 uL) was electroporated in E. coli BI21(DE3)
cells (made electrocompetent following the protocol in [ref]) already harbouring the plasmid pEVOL-
pAFRS2.t1. Of the transformants, 440 single cells were picked (corresponding to 3.8-times the
theoretical diversity in the library, thereby ensuring >95% coverage) and inoculated in 1 mL LB
supplemented with antibiotics in 96-deep well plate. Then, the standard library preparation and 96-
well plate hydrazone formation activity assay protocols were followed. The mutants showing more
than 1.2-fold improvement from the parent were picked for sequencing and characterization in
purified format.

Computational methods

Structure preparation. The crystallographic X-ray data for LmrR_RMH (unpublished structure) was
used as the starting point for all the computational simulations. Due to their high flexibility, the
structure of the loops formed by residues 70-74 in chain A and 70-73 in chain B was not solved; thus,
they were grafted by loop reconstruction with Yasara.®> Mutations F54L and N88Q were introduced
using the AmberTools’ pdb4amber tool.®

Analysis of protein trajectories from MD simulations. Trajectory analysis was carried out with Python
3.11.7 and a combination of MDTraj v1.9.9,% PyTraj v2.0.6,%'° MDAnalysis v2.7.0,'*> NumPy v1.26.3,3
RCBS.py suite v1.2.0,** Pandas v2.2.0.1> Plots were drawn with Matplotlib v3.8.21® and Seaborn
v0.13.2.Y Visual inspection of the structures was performed with UCSF ChimeraX (v 1.7)*® and Visual
Molecular Dynamics (VMD) v1.9.3 software. Alignment of the structures and calculation of RMSD for
static structures was performed with the Matchmaker tool embedded in ChimeraX.

The root-mean-square deviation (RMSD) was measured along the simulations using as a reference the
first frame for each replicate, while the root-mean-square fluctuation (RMSF) was first calculated using
as areference the average structure of each replicate and, consequently, averaged among all replicates
to obtain a unique profile for each mutant.

Cluster analysis was performed on the full trajectory of the parent and both the mutants without
solvent using the k-means algorithm. To identify the correct number of clusters describing the system,
the quality metrics Davies-Bouldin index (DBI), pseudo-F-statistic (pSF), and the ratio between the sum
of squares regression and the total sum of squares (SSR/SST) were analysed.?® The suitable number of
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clusters was selected based on the lowest DBI value, highest pSF, and stable SSR/SST. Analysis of
clusters in the hydrophobic pocket was obtained by selecting the catalytic non-canonical amino acid
pAF together with the central structural residue W96 for both monomers. Clustering of the backbone
included the alpha carbon of the whole protein, excluding the more flexible loops (i.e. G1-P5, G68-R76,
A108-K116, G1’-P5’, G68’-R76’, K110’-K116'). Clustering of the DNA-binding site (DBS) included the
residues in helices a2 and a3 (i.e. from Y27 to 163); the region of the beta-wing was purposefully left
out of the selection due to its intrinsic elevated dynamics, which would have affected the formation of
structurally consistent clusters. In the case of the hydrophobic pocket clustering of LmrR_RMH,
following pSF, DBI, and SSR/SST trends would lead to the selection of five clusters as the optimum
amount; however, a too small within-cluster standard deviation suggested that fewer clusters would
better compare to the metrics extracted for the mutants. In this case, it was adjusted to 3. Clustering
was also performed based on the orientation of pAF15/pAF15’ and W96/W96’ (pAF+W296). Finally, all
those residues belonging to the strongest allosteric pathway that connected F54L to pAF in both
monomers (i.e. residues pAF15, L17, T13, N14, F54(L), F54(L)’, 153’, R10’, N12’, T13’, N14’, pAF15’) were
selected for cluster analysis.

The three states were found by visually inspecting representative structures of the hydrophobic pocket
clusters. The allocation of a frame to each of the three states was obtained by monitoring the
orientation of R92 along the trajectory. Each frame was inspected for four geometric distances:

(i) between nitrogen NH1 of R92 guanidinium side chain and the carbonyl oxygen of N14 (distA),

(ii) between nitrogen NH1 of R92’ guanidinium side chain and the carbonyl oxygen of N14’ (distB),
(iii) between nitrogen NH1 of R92 guanidinium side chain with the carboxylic oxygen of D100’ (distC),
(iv) between nitrogen NH1 of R92’ guanidinium side chain with the carboxylic oxygen of D100 (distD).
More specifically, the structure of LmrR in each frame of the simulation was classified as having:

(i) a trans conformation if distA was lower than 8 A, distB was higher than 10 A, distC was higher than
11 A and distD was lower than 8 A.

(ii) a cis-back conformation if distA was lower than 8 A, distB lower than 8 A, distC higher than 11 A,
and distD higher than 11 A.

(iii) a cis-front conformation if distA was higher than 8 A, distB was higher than 10 A, distC was lower
than 11 A and distD was lower than 8 A.

Additionally, the formation of hydrogen bonds was measured along the trajectory using the
HydrogenBondAnalysis class of MDAnalysis with default parameters. The radius of gyration was used
to monitor the level of compactness of LmrR and was measured on the whole protein with the
exception of the termini and highly flexible loops (residues G1-E3, D60-T82, K110-K116, G1’-E3’, D60’-
T82’, K110’-K116’).

The contact frequency analysis was performed using EMDA v1.0.0a4?°. Two residues were considered
in contact when they were found closer than 3 A. Contacts were registered every 100 ps of simulation
for each replicate when handling the full trajectories, or every 10 ps (i.e. every frame) when the
contacts were analysed for each of the identified states. The measured contact frequency for each
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mutant was then compared to the one of the parent, using a threshold of 30% of relative frequency to
capture this contact as relevant.

Dynamical network analysis. In order to identify important long-range interactions and understand
the allosteric networks in LmrR, the dynamical network analysis?! was employed. This approach uses
a generalised correlation of motion and short path betweenness centrality to define and rank the
edges among the residues. The dynamic network analysis was performed using the workflow
established by Melo and co-workers?! (dynetan v2.2.0), where the Floyd—Warshall algorithm was used
to identify the optimum paths. An interaction was considered acceptable if the distance between two
nodes was below 4.5 A for at least 75% of the trajectory. The number of windows was set to 3 to
capture small conformational changes. Those interactions that were more commonly found among all
the windows were considered.
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Supporting figures and tables

Prediction of long-range mutations

Table S1: List of all the positions predicted to be relevant hotspots in the conformational dynamics of
LmrR, together with the mutations experimentally analysed. Those positions that were predicted but
not tested experimentally are highlighted in red. The mutations belonging to the consensus are
underlined. The mutations belonging to the consensus that were not tested as single point mutations,
but were only used in combination with others, are highlighted in yellow.
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Multi sequence alignment
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Figure S1: Sequence logo of LmrR multisequence alighment (MSA) made with the Weblogo software.?”% Only the positions that were identified as key

dynamical hotpots are shown. Notice that F54 does not appear here, as it was added to the library since it was identified as a consensus mutation.
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Identification of the improved variants
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Figure S2: Rate of hydrazone formation measured with purified protein variants. Cyan box: point
mutants isolated from the initial library of distal mutants, pink box: recombination of the three best
performing single mutant hits (F54L, 1I62W and N88Q), orange box: best performing variants identified
from the combinatorial library between 162 and N88. Rate was measured with 50 uM NBD-H, 5 mM 4-
HBA, 2.5 uM of, buffer R pH 7.5, 5% DMF, 25 °C. The parent is LmrR_RMH and is shown with diagonal
stripes and its rate is also reported with a dashed line across the plot. Error bars represent the standard
deviation of at least three measurements.
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Figure S3: Partial site saturation of positions F54 and N88. The values represent the activity observed
in cell lysate relative to the parent LmrR_RMH. Each column represents an independent measurement
(i.e. P1, P2, P3).
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Combinatorial library 162+N88

Table S2: Mutants showing more than 1.2-fold improved activity from LmrR_RMH_F54L in cell lysate
screening of the combinatorial library at positions 162 and N88.

TIMES MUTANT

FOUND | 162 | N88 | Name
2 Vv Q LvQ
2 W T LWT
1 L Q LLQ
1 S E LSE
1 Y A LYA
1 N Q LNQ
1 C Q LcQ
1 R Q LRQ
4 H Q LHQ
1 L A LLA
1 D Q LDQ
1 W R LWR
1 v A LVA
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Kinetic characterization
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Figure S4: Apparent kinetic characterization of A) LmrR_RMH, B) LmrR_V15pAF, C) LmrR_RMH_F54L,
D) LmrR_RMH_I62W, E) LmrR_RMH_N88Q, F) LmrR_RMH_LWQ, G) LmrR_RMH_L-Q. Error bars
represent the standard deviation of at least two replicates from two independent batches of purified
enzymes, for a total of at least four measurements for each point. Missing error bars indicate error too
low to be depicted. The apparent kinetics of LmrR_V15pAF was determined with two replicates from
one batch of enzyme. The reactions were carried out at fixed concentration of 4-HBA (5 mM) and
different concentrations of NBD-H, 2.5 uM of enzyme (5 uM for LmrR_V15pAF), buffer R pH 7.5, 5%
DMF, 25 °C.
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Table S3: Apparent kinetic parameters for LmrR_pAF variants used in this study. Standard conditions
used are fixed 4-HBA concentration (5 mM) different concentrations of NBD-H from 12.5 uM to 100
UM, 2.5 uM of enzyme, buffer R pH 7.5, 5% DMF, 25 °C. The standard deviation of Ky and ke is reported

in parenthesis and is the result of at least four experiments composed of two technical and two
biological duplicates.

keat/K keat/K
. K, app Keat, app X 103 | (Keat/Kni)app A s
Variant relative to relative to
(uM) (s (Ms?) b
LmrR_RMH? LmrR_pAF?
LmrR_pAF* 243.5(+80.8) | 0.36 (+0.08) 1.48 0.01 1
LmrR_RMH 46.1 (+6.8) 5.11 (+0.34) 111 1 75
LmrR_RMH_LWQ | 104.0 (+5.4) 7.86 (+0.37) 140 1.3 95

9The comparisons with LmrR_RMH and LmrR_V15pAF were made based on newly measured values. *The newly measured
activity for LmrR_V15pAF was 10-fold higher from what was originally reported. This variation is mostly due to the relatively
low-rate acceleration achieved by the non-engineered LmrR_V15pAF, which introduces a higher error rate during
measurement.* Standard conditions were modified as follows: 5 uM of enzyme, concentration of NBD-H ranged from 12.5
uM to 200 uM to ensure saturation. The standard deviation reported is the result of a technical duplicate.
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Analysis of thermostability
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Figure S5: Operational thermostability measurements of (A) LmrR_RMH, (B) LmrR_RMH_F54L, (C)
LmrR_RMH_L-Q, and (D) LmrR_RMH_N88Q upon incubation at different temperatures. Each data
point represents the average of three independent experiments for which the standard deviation is
reported. The fitted line is a standard 4PL sigmoidal curve.
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Figure S6: Determination of structural melting temperature T, based on circular dichroism
spectroscopy. The left panels represent the thermal unfolding of the secondary structure of
LmrR_RMH and mutants F54L, N88Q and L-Q followed at 222 nm. Dashed line represents the position
of the T2 calculated. The right panels depict the CD spectrum before (blue) and after (red) the thermal
treatment. As a reference, the CD spectrum of each fully denatured mutant (yellow) is reported.
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Table S4: Structural (T, ) and operational ( T51(§’) thermal stability parameters of the mutants F54L,
N88Q and F54L_N88Q (L-Q) and their increase compared to the parent. In brackets, the standard

deviation of three independent measurements.

Mutant Tm AT T AT
LmrR_RMH 48.2 (+0.6) 0 46.2 (+0.4) 0
LmrR_RMH_F54L 57.3 (x1.1) 9.1 54.4 (+0.5) 8.2
LmrR_RMH_N88Q 55.7 (+0.6) 7.5 50.8 (+0.8) 4.6
LmrR_RMH_L-Q 61.9 (+1.6) 13.7 59.4 (+0.8) 13.2
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Figure S7: Relative catalytic activity of LmrR_RMH (RMH), LmrR_RMH_F54L (F54L), LmrR_RMH_N88Q
(N88Q) and LmrR_RMH_L-Q (L-Q) at 50 °C (blue) and 25 °C (orange). Error bars represent the standard
deviations of three independent replicates, each shown with empty circles.
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Molecular dynamics simulations
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Figure S8: Root-Mean Square Deviation (RMSD) values of the parent LmrR_RMH (top row),
LmrR_RMH_F54L (middle row) and LmrR_RMH_N88Q (bottom row) along the MD trajectories in each
of the three replicas with reference to the first frame of the trajectory.
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Figure S9: Analysis of the clustering parameters DBI (blue), pSF (red) and the ratio SSR/SST (yellow)
trends over several numbers of clusters based on different selection of residues (see Computational
methods) for LmrR_RMH, and the mutants F54L and N88Q. The value of pSF reported is normalised to
ensure proper fitting of the curve in the plot. DBS: DNA-binding site. DBS:
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Figure S10: Representation of the number of frames (bars) populating each of the clusters selected for
inspection as well as the average within-cluster deviation (line). Clustering was performed based on
different selections of residues (see Computational methods).

Page | 22



F54L

Figure S11: Residues in contact with R92 (blue) or R92’ (red) are reported together with their frequency
of interactions in each of the states identified. A cut-off of 10 % contact frequency was used.

Table S5: Number of frames identified in each protein for each of the three states.

Trans state

Cis back state

Cis front state

Mutant Of the total Of the total Of the total
Frames . Frames . Frames .
trajectory trajectory trajectory
LmrR_RMH 1870 8.8% 10711 50.5% 5584 26.3%
F54L 7706 36.3% 11717 55.2% 0 0.0%
N88Q 8517 40.1% 8408 39.4% 36 0.0%
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Figure S12: The relative frequency of contacts between the parent LmrR_RMH and the F54L (A) and
N88Q (B) mutants using a cutoff of 30% is represented. On the left, top and front view of LmrR_RMH
structure. The residues showing a high contact frequency are depicted in balls, in yellow when this
frequency was higher for the mutant LmrR_RMH_F54L, in blue for the parent and in purple if the
residues showed a high number of contacts in both the parent and the mutant. On the right, the
contacting residues are reported. Consistently, the contacts that are more frequent in the
LmrR_RMH_F54L are shown in yellow, and the contacts which are more frequent in the parent are
shown in blue. *Contacts involving the non-canonical residue pAF.
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Radius of Gyration (A)

Figure S13: Radius of gyration of all the alpha helices of the three protein variants LmrR_RMH,
LmrR_RMH_F54L and LmrR_RMH_N88Q.
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Figure S14: Frequency of hydrogen bond formation along the full trajectory (2.1 us) for various pairs
of residues for the parent, LmrR_RMH, and the mutants LmrR_RMH_F54L and LmrR_RMH_N88Q.
Notably, the interactions observed were not symmetrical between the monomers. No interactions
between R92 and D100’ were observed in both the mutants.
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Mass spectra of purified proteins

HR-MS spectra
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Low resolution-MS spectra
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List of primers used

Table S6: DNA primers employed to construct the distal point mutation library. Underlined is the
codon that introduces the mutation desired.

Primer Name Sequence 3’ 5’ Primer Name Sequence 3’ 5’
E7D_fwd CGAAAgatATGCTGCGTGCTCAAACC E7D_rv GCAGCATatcTTTCGGGATTTCGGC
L9K fwd AGAAATGaaaCGTGCTCAAACCAATTA L9K rv GAGCACGtttCATTTCTTTCGGGATT

- GATCC - TCGG
GAAATGcgtCGTGCTCAAACCAATTAG GAGCACGacgCATTTCTTTCGGGAT
L9R_fwd ATCC L9R_rv TTCGG
AATGCTGcagGCTCAAACCAATTAGAT TTTGAGCctgCAGCATTTCTTTCGG
R10Q_fwd CCTGC R10Q_rv GAT
R10K fwd AATGCTGaaaGCTCAAACCAATTAGAT R10K rv GGTTTGAGCLtttCAGCATTTCTTTCG
- CCTGCTG - GGATTTCG
AATGCTGgcgGCTCAAACCAATTAGAT GTTTGAGCcgcCAGCATTTCTTTCG
R10A_fwd CCTGCTG R10A_rv GGATTTCGG
GCGTGCTgtgACCAATTAGATCCTGCT TAATTGGTcacAGCACGCAGCATTT
Q12V_fwd GATGG Q12v_rv CTTTCGG
Q12E_fwd GCGTGCTgaaACCAATTAGATCCTGC Q12E_rv ATTGGTttcAGCACGCAGCATTTC
T131_fwd GCTCAAatcAATTAGATCCTGCTGATG T131_rv TCTAATTgatTTGAGCACGCAGCAT
G TTCTTTC
GCGTGCTCAACtgAATTAGATCCTGCT GATCTAATTcagTTGAGCACGCAGC
T131_fwd GATGGTC T13L_rv ATTTCTTTCG
N14E fwd CTCAAACCgaaTAGATCCTGCTGATGG N14E rv GCAGGATCTAttcGGTTTGAGCACG
- TCC - CAGCA
CCAATTAGatgCTGCTGATGGTCCTGA CCATCAGCAGCatCTAATTGGTTTG
116M_fwd AAC 116M_rv AGCACG
CCAATTAGtgcCTGCTGATGGTCCTGA CCATCAGCAGgcaCTAATTGGTTTG
116C_fwd AACAAGG 116C_rv AGCACG
116L_fwd CCAATTAGCctgCTGCTGATGGTCCTGA 116L_rv CCATCAGCAGCcagCTAATTGGTTTG
AACAAGG AGCACG
V20! fwd CTGCTGATGattCTGAAACAAGGCGAT V20! v GCCTTGTTTCAGaatCATCAGCAGG
- AACTATG - ATCTAATTGG
CTGCTGATGctgCTGAAACAAGGCGAT CTTGTTTCAGcagCATCAGCAGGAT
V20L_fwd AACTATG vaoL_rv CTAATTGG
GTCCTGAAACtgGGCGATAACTATGTG GTTATCGCCcagTTTCAGGACCATC
Q23L_fwd TATGGC Q23L_rv AGCAGG
CCTGAAACAAgaaGATAACTATGTGTA ACATAGTTATCttcTTGTTTCAGGAC
G24E_fwd TGGCA G24E_rv CATCAG
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D25E_fwd

ACAAGGCgaaAACTATGTGTATGGCAT

D25E_rv

TACACATAGTTttcGCCTTGTTTCAG

GACC
D25p _fud | CAMMCAAGGCEAACTATGTGTATRG | 5y, | ACACATAGTTEgEGCCTIGTTICAS
N26R_fwd AGGCGAng%:TAAA'I'f(;I'AG;'GATGGCATTAT N26R_rv ATACACAZéz_cAgég:_? cCA(\:TTGTTTC
Nogs fwg | ACCCGATIATATCTGTATGGCATIATC | s (| ATACACATAZEaATCGCCTTGTTIC
V28 fwd | CCOATAACTATBRITATGGCATIATCA | g, | ATGCCATASCGATAGTTATCGCCTT
G305 fud | CTATGTOTATECATIATCAMCAGRT | qog | TGATAATECATACACATAGTTATC
o7 fwg | TOGCATTaccAAACAGGTGAAAGAAG 5o7 | CACCTGTTTERtAATGCCATACACA
~ . - TAG
32V fuwd TATGGCATTg;gGACAGA:éGGTGAAAGAA 52V v CACCTGTTI:%GCTAT/;TTGCECATACACA
Qo fwa | ATTATCAMAGSIGTGAMAGARGCGAG | gy | COCTTCTITCACICTTIGATAATGC
Qo fwg | TTATCAMGRISTOAMAGAAGCGAGCA | qygq , | COCTTCTTTCACREETTTGATAATGC
posi_fwg | TOMMOMACBAGCAACGGTGARATG | 3y | ACCOTTGCTERgTICTITCACCTGTT
$39G_fwd AAGAAGCGEECAACGGTGAA $39G_rv CCGTTEecCGCTTCTTTCACCTG
L4SM_fud AATGGAAatZAATGAAGCCACCE sy | TORTTETTCCATITCACCGTTGCT
45l fwq | AAATGGAAGHAATGAAGCCACCCTGT |, | GGCTTCATTaatTTCCATTTCACCGT
- ATACG - TG0
carp_fwg | OMACTOAATECAGCCACCCTGTATACG | g7 | CAGGGTGGCIBATICAGTTCCATT
A48G_fwd TGAATGAAZECACCCTGTATACGA A48G_rv TACAGGGTEC?CTTT Tci/*(:TTCAGTTCCA
TS2P_fwd | ACCCTGTATCCRATTTTTGATCGTCTGG | Tsopry | CAAAAATCEBATACAGEGTOOCTT
sav_wg | CTOTATACGRETTTOATCGTCIGOAA | 15, | ACGATCAAAGBCCGTATACAGGGT
535 | CTOTATACGIETTGATCGICTGRAAC | 15 | COATCARASEACGTATACAGGGTS
53A fwd | CTGTATACGECETTTGATCGTCTGGAA | (oo | CGATCAAACECGTATACAGGGTG

CAGGACG

GCTTC
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153L_fwd

CTGTATACGCctgTTTGATCGTCTGGAAC

IS3L_rv

ACGATCAAAcagCGTATACAGGGT

AGGAC GGCTTC
TATACGATTctgGATCGTCTGGAACAG CCAGACGATCcagAATCGTATACAG
F54L_fwd o cee FS4L_rv e
ATACGATTTTTcgtCGTCTGGAACAGG CCAGACGacgAAAAATCGTATACA
KS5R_fwd o KS5R_rv A
ATACGATTTTTtctCGTCTGGAACAGGA TTCCAGACGagaAAAAATCGTATAC
K55S_fwd GG K55S_rv AGGGTGG
£ssq fwd | CATCGTCTGEaCAGGACGGCATTATC essqrv | GCCGTCCTGEECAGACGATCAAAA
AG ATC
CAGGACGGCtatATCAGCTCTTACTGG GAGCTGATataGCCGTCCTGTTCCA
162Y_fwd 162Y_rv
- G - G
62L fwd CAGGACGGCc_tgAéCAGCTCTTACTGG 62L v GAGCTGATgacG éZCGTCCTGTTCCA
62w fwg | ACGACGGCIERATCAGCTCTTACTGGG 62 v AGAGCTGATccaGCCGTCCTGTTCC
G AGAC
64T _fwd GGCATTATC@TETACTGGGGTGAT S64T rv CAGTAAGAgEtGATAATGCCGTCC
CGGCATTATCgaaTCTTACTGGGGTGA CCCAGTAAGAttcGATAATGCCGTC
S64E_fwd TGAAAGTC SB4E_rv CTGTTCC
<657 fuwd | ATTATCAGCcCTACTGGGGTGATGAA 65T CCCCAGTAggtGCTGATAATGCCGT
- AGTCAAG - C
ATTATCAGCggcTACTGGGGTGATGAA CCCCAGTAgCcGCTGATAATGCCGT
$65G_fwd jrasyghn S65G_rv P
ATCAGCTCTcgtTGGGGTGATGAAAGT CATCACCCCAacgAGAGCTGATAAT
Y66R_fwd AN Y66R_rv oy
AAGGCGGTccgCGCAAATATTACCGTC AATATTTGCGcggACCGCCTTGACT
R75P_fwd oA R75P_rv T
CAAATATTACagcCTGACCGAAATCGG TTTCGGTCAGECtGTAATATTTGCG
R80S_fwd A Te R80S_rv Jropp
7825_fwd CGTCTGagcGAAATCGGCC 7825 _rv CCGATTTC&?QEQCGGTAATATF
GACCGAAgCEGGCCATGAAAACATGC TCATGGCCcgcTTCGGTCAGACGGT
184A_fwd o I184A_rv AR
HesE fwd | GAAATCGGCRaaGARAACATGCGCCT Hast rv | GCATGTTTTCHCGCCGATTTCGGTC
G AGACG
L6k fud | GAPATCGGCaaaGAAAACATGCGCCT HBEK T GCATGTTTTCHtGCCGATTTCGGTC
- G - AGACG
H86R_fwd AATCGGCcgtGAAAACATGCG H86R_rv TGTTTTCacgGCCGATTTCGGTCAG
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N8SE_fwd GCCATGAAgaaATGCGCCTGCGG N88E_rv AGGCGCAT“—CTCT(EATGGCCGAW
N88Q_fwd GCCATGAACagATGCGCCTGCGG N88Q_rv AGGCGCAT%TCTEATGGCCGATTT
R90Q_fwd | AAACATGcagCTGCGGCATGAATCCT R90Q_rv | TGCCGCAGCtgCATGTTTTCATGGC
R90A fwd | AAACATGgccCTGCGGCATGAATCCTG R90A_rv TGCCGCAGE@CQTGWTCMGGC
E94A_fwd CGGCATgcaTCCTGGAGTCGT E94A_rv TCCAGGAtgcATGCCGCAGG
E94Q_fwd | TGCGGCATcagTCCTGGAGTCGTGTG E94Q_rv CTCCAGGACtgATGCCGCAGGCG
cost fwg | GOCATGAARaaTGGAGTCGTGTGGAC o5t CGACTCCAttcTTCATGCCGCAGGC
- AAAATCA - G
$95D_fwd | GGCATGAAagcTGGAGTCGTGTGGAC $95D_rv GACTCCAGCtTTCATGCCGCAGGCG
ATGAATCCTGGcagCGTGTGGACAAA GTCCACACGCtgCCAGGATTCATGC
$97Q_fwd vy $97Q_rv -
co7k fud | GAATCCTGG22aCGTGTGGACAAAAT o7k GTCCACACGtttCCAGGATTCATGC
- CATTG - c
CTGGAGTCGTagcGACAAAATCATTGA GATTTTGTCECtACGACTCCAGGAT
Vo9L_fwd AAATCTGG VoIL_rv TCATGC
GTCGTGTGGACCEtATCATTGAAAATC TTTCAATGATacgGTCCACACGACT
K101R _fud TGGAAGC K101R_rv CCAGGATTC
GTGGACAAAGtgATTGAAAATCTGGAA GATTTTCAATCacTTTGTCCACACG
1102V_fwd A 1102V_rv Ceeace
£1070 fwd | AAATCTGRAIGCAAACAAAAAATCTGA | oo | TTGTTTGCALCCAGATTTTCAATGAT
AGC TTTGTC
GAAGCAAACEECAAATCTGAAGCGAT GCTTCAGATTTgccGTTTGCTTCCA
K110G_fwd CAAATCTAG K110G_rv GATTTTCAAT

Table S7: List of DNA primers used to construct the consensus mutant, carrying six point mutations.

Primer Name

Sequence 3’ 5’

Primer Name

Sequence 3’ 5’

TGCGTEgtCAAACCAATTAG GGTTTGaccACGCAGCATTT
Cons_A11G_fwd ATCC Cons_A11G _rv CTTTCG
Cons_A48G_T52P | CCCTGTATccgATTctgGATC | Cons A48G_T52P | AATcggATACAGGGTECCTTC
_F54L_fwd GTCTGGAACAGGAC F54L_rv ATTCAGTTCC
CTATggcTATGGCATTATCAA ATGCCATAaccATAGTTATC
Cons_V28G_fwd ACAGGTGAAAGAAG Cons_V28G_rv GCCTTGTTTCAGG
Cons_M89L_fwd | AAAACCteCGCCTGCGGC Cons_M89L rv | GGCGcagGTTTTCATGGCC
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Table S8: List of DNA primers used for combinatorial library preparation.

Primer Name Sequence 3’ 5’ Primer Name Sequence 3’ 5’

GGACGGCndtATCAGCTCTTAC
TGG

GAGCTGATahnGCCGTCCTGTT

I62NDT_fwd A

I62NDT_rv

AGGACGGCtggATCAGCTCTTA
CTGGGGT

AGAGCTGATccaGCCGTCCTGTT

162W_fwd_2 CCAGAC

162W _rv_2

CAGGCGCATcdbTTCATGGCCG

N88VHG_fwd | CATGAAvhgATGCGCCTGCGGC N88VHG_rv ATTTCG

CCATGAACagATGCGCCTGCGG
C

CAGGCGCATctgTTCATGGCCG

N88Q_fwd_2 ATTICG

N88Q_rv_2

DNA sequence of LmrR_RMH

In red the amber stop codon used for the incorporation of the non-canonical amino acid p-amino
phenylalanine is highlighted.

ATGGGTGCCGAAATCCCGAAAGAAATGCTGCGTGCTCAAACCAATTAGATCCTGCTGATGGTCCTGAAACAAG
GCGATAACTATGTGTATGGCATTATCAAACAGGTGAAAGAAGCGAGCAACGGTGAAATGGAACTGAATGAAG
CCACCCTGTATACGATTTTTGATCGTCTGGAACAGGACGGCATTATCAGCTCTTACTGGGGTGATGAAAGTCAA
GGCGGTCGTCGCAAATATTACCGTCTGACCGAAATCGGCCATGAAAACATGCGCCTGCGGCATGAATCCTGGA
GTCGTGTGGACAAAATCATTGAAAATCTGGAAGCAAACAAAAAATCTGAAGCGATCAAATCTAGAGGTGGCA
GCGGTGGCTGGAGCCACCCGCAGTTCGAAAAATAA

Protein sequence of LmrR_RMH

In red the non-canonical amino acid p-amino phenylalanine is highlighted. Underlined the three
mutations (A92R_N19M_F93H) that characterise the triple mutant LmrR_RMH are reported.

GAEIPKEMLRAQTNpAFILLMVLKQGDNYVYGIIKQVKEASNGEMELNEATLYTIFDRLEQDGIISSYWGDESQGGR
RKYYRLTEIGHENMRLRHESWSRVDKIIENLEANKKSEAIKSRGGSGGWSHPQFEK
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