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ABSTRACT

Changing the primary metal coordination sphere is a powerful strategy for modulating metalloprotein
properties. Taking advantage of this approach, we have replaced the proximal histidine ligand in
myoglobin with the histidine analogues Ns-methylhistidine (NMH), 5-thiazoylalanine (5ThzA), 4-
thiazoylalanine (4ThzA) and 3-(3-thienyl)alanine (3ThiA) by amber stop codon suppression using
engineered pyrrolysyl-tRNA synthetases, including two newly evolved enzymes. In addition to tuning the
heme redox potential over a >200 mV range, these noncanonical ligands modulate the protein’s
promiscuous carbene transfer activity with ethyl diazoacetate. Myoglobin variants with increased
reduction potentials (NMH and 5ThzA) proved superior for cyclopropanation and N-H insertion,
especially under aerobic conditions, and could even promote these reactions in the absence of reducing
agent. In contrast, the variants with the lowest E° values (4ThzA and 3ThiA) exhibit comparatively high
S-H insertion activity even though the respective histidine surrogates do not coordinate the heme iron.

Given the important functional roles played by histidine in many enzymes, these genetically encoded
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histidine analogues represent valuable tools for probing mechanism and enabling new chemistries in

metalloproteins.

MAIN TEXT

Functionally versatile heme proteins are involved in many biological processes. Examples include
myoglobin and hemoglobin, responsible for oxygen transport and storage; the electron transport protein
cytochrome c; catalase which relieves oxidative stress; and cytochrome P450 monooxygenases which
oxidize xenobiotics and diverse metabolites.! Many of these proteins also promiscuously catalyze
abiological reactions with high chemo- and stereoselectivity.”> Carbene transfer reactions such as
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cyclopropanation,®* aldehyde olefination,” X-H insertion (X=S, N, Si, B and C-H activation'' are

notable in this regard. This novel reactivity has been enhanced and broadened by site directed

1 12-16

mutagenesis,*’ directed evolution,®!? metal ion substitution, and replacement of heme by other

cofactors.!”-1?

The advent of genetic code expansion?>?! has created new opportunities for tuning heme
properties, enabling recombinant replacement of the proximal iron ligand with noncanonical amino acids
(ncAAs). Introducing Ns-methylhistidine (NMH) into ascorbate peroxidase, for example, disrupts what
was thought to be a crucial Asp-His interaction but substantially increases turnover number without
compromising catalytic efficiency.”> NMH also modulates the reactivity of compound II in cytochrome ¢
peroxidase” and enhances the promiscuous peroxidase** and cyclopropanation® activities of myoglobin.
Encouraged by the latter findings, we set out to explore the effect of NMH and three additional histidine
isosteres—>5-thiazoylalanine (5ThzA), 4-thiazoylalanine (4ThzA) and 3-(3-thienyl)alanine (3ThiA)

(Figure 1)—on several representative carbene transfer reactions catalyzed by myoglobin.
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Figurel. Structure of myoglobin and the histidine analogues used to replace His93.

Genetic encoding of ncAAs requires a tRNA/aminoacyl-tRNA synthetase (aaRS) pair orthogonal
to the E. coli translation machinery to enable efficient suppression of the amber stop codon (UAG) in
vivo. Methanosarcina barkeri pyrrolysl-tRNA synthetase (PylRS) was previously evolved to encode a
series of histidine analogues, including NMH,?° so we tested the ability of this enzyme to accept the new
ncAAs. We used a reporter assay based on expression of a superfolder GFP (sfGFP)-derived gene
containing a single UAG codon for residue 133.26-28 5ThzA afforded threefold higher fluorescence than
NMH in this assay (Figure 2), indicating robust incorporation into the full length protein, but only low

signal was observed for 3ThiA and 4ThzA.

Although 3ThiA insertion can be reportedly improved by using higher amino acid
concentrations,*® more efficient and specific PylRSs for 3ThiA and 4ThzA would be valuable. We
therefore randomized nine residues that line the binding pocket of M. barkeri PyIRS. Seven libraries, each
containing different combinations of four mutagenized sites (Table S1), were created, combined, and

subjected to three rounds of positive selection for chloramphenicol resistance and two rounds of negative



selection using a toxic barnase gene.*! This procedure afforded variants that efficiently accept 4ThzA
(PyIRS41hza: A267Q/N311S/C313W) and 3ThiA (PylRS3mhia: N311Q/ Y349F) as substrates (Figure 2).
Although low levels of sfGFP fluorescence were observed for both aaRSs in the amber suppression assay
in the absence of ncAA, addition of the respective histidine isostere increased fluorescence by a factor of
five (PylRS3hia) to eight (PylRS4rnza), matching the incorporation efficiency seen for 5ThzA with
PylRSnmu. Notably, the new PylRS4tn.a variant outperforms PylRS4thza_1, an aaRS for 4ThzA reported

while our work was in progress,?’ with respect to both efficiency and selectivity (Figure 2).
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Figure 2. PylRS wvariants were benchmarked in an assay for amber suppression efficiency.
sfGFP(D133AMBER) production levels in the absence (-) or presence of 2 mM ncAA were measured by
cellular fluorescence. PlyRSsthia and PylRSimza were developed in this work, PylRSxmu®® and

PylRSathza_1% were reported previously.

Having the required aaRSs in hand, we replaced the proximal His93 ligand in myoglobin with the
four histidine isosteres which present either a nitrogen or sulfur atom in a position suitable for coordination
to the heme iron. For these experiments, we used the myoglobin variant Mb* which contains two

additional mutations, H64V and V68A, known to boost carbene transferase activity.* The four proteins
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were produced in excellent yield (>100 mg/L of culture). Incorporation of the ncAAs was confirmed by

HR-MS (Table S2) and, for Mb*(5ThzA) and Mb*(3ThiA), by x-ray crystallography (Figure 3).

Figure 3. Crystal structures of noncanonical myoglobin variants: (A) Mb*(5ThzA), (B) Mb*(NMH),?
and (C) Mb*(3ThiA). (D) Overlay of Mb*(gray), Mb*(5ThzA) (cyan), Mb*(NMH) (pink), and
Mb*(3ThiA) (green). Oxygen, nitrogen and sulfur atoms are colored red, blue and yellow, respectively;

iron is shown as an orange sphere.

The crystal structure of Mb*(5ThzA), determined to 1.23 A, closely resembles Mb* (rmsd 0.10
A). The 5ThzA thiazole side chain adopts the same orientation as His93 in Mb* and, as expected,
coordinates the heme iron via its e-nitrogen atom (Figures 3A, S1). The main difference between
Mb*(5ThzA) and Mb* is a 90° rotation of the Ser92 side chain away from the thiazole sulfur atom (Figure

S1). Despite this twist, Ser92 still maintains its hydrogen bond to one of the heme propionate groups.



5ThzA thus appears to be a better His93 mimic than NMH, which also coordinates the cofactor via N¢
but adopts a different rotameric conformation, leading to a cascade of small changes in the active site,
including a 180° rotation of the Ser92 side chain, tilting of the heme plane, and displacement of nearby

His97 (Figures 3B, S2).%

In contrast to 5ThzA, 3ThiA is not an effective His93 surrogate. In analogy to the methionine-iron
bond in ¢ type cytochromes, we had expected the thiophene sulfur atom to coordinate the heme iron, but
this is not observed in the 1.96 A crystal structure of Mb*(3ThiA) (Figure 3C, S2). Instead, the 3ThiA
side chain is shifted away from the iron center, preventing a direct S-Fe interaction. As a result, C4 of the
thiophene ring is the closest atom (3.63 A) to the iron center. Because the steric bulk of the thiophene

blocks binding of water or another ligand, Mb*(3ThiA) lacks a proximal ligand in its resting state.

Heme proteins have diagnostic UV/vis spectra. Both Mb* and Mb*(NMH) exhibit a Soret
maximum at 407 nm in the Fe(IIl) state, which shifts to 432-434 nm in the reduced Fe(Il) state.?
Similarly, the Soret band for oxidized Mb*(5ThzA), Mb*(4ThzA) and Mb*(3ThiA) appears between 405
and 407 nm (Figure 4). The unexpectedly low 407/280 ratio observed for Mb*(4ThzA) and Mb*(3ThiA)
suggests relatively poor cofactor binding, so these samples may contain some free heme in solution. Upon
reduction of the new noncanonical variants with dithionite, the Soret band redshifts to 423-428 nm.

Interestingly, reduced Mb*(5ThzA) has a substantially larger extinction coefficient than the other proteins.
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Figure 4. UV/vis spectra of the ferric (left) and ferrous (right) forms of myoglobin Mb* and its variants

containing noncanonical histidine analogues in place of His93.

Changing the coordination sphere of metals can significantly alter their reduction potential.*> We
therefore determined E° for the new Mb* variants using a photometric assay® (Figure S3). Mb*(NMH)

(E°=77+ 6 mV)® and Mb*(5ThzA) (118 = 10 mV) have more positive reduction potentials than the
7



parent Mb* (30 + 3 mV).? In both cases, this change can be largely attributed to disruption of the His93-
Ser92 hydrogen bond and the associated increase in hydrophobic character of the heme proximal pocket. "
Because 5ThzA is less electron donating than NMH, as indicated by its lower pKa, Mb*(5ThzA) has the
most positive E° of the variants tested.>* In contrast, the E° values for Mb*(3ThiA) (-83 + 8 mV) and
Mb*(4ThzA) (-91 =7 mV) are considerably lower, albeit still well above the reduction potential of
cysteine-ligated myoglobin (-230 mV)** and free heme (-470 mV).3® These low values likely reflect the

inability of either 3ThiA or 4ThzA to coordinate to the heme iron.

The catalytic capabilities of the new myoglobin variants were tested in three model carbene

transfer reactions: cyclopropanation, N-H insertion, and S-H insertion (Figure 5).

Previous work showed that Mb*(NMH) catalyzes efficient styrene cyclopropanation in the
presence and absence of reductant, even under aerobic conditions.?® Unlike Mb*, which promotes such
transformations via an Fe(Il)-carbenoid species, it appears to utilize an Fe(Ill) reaction manifold. The
three new noncanonical proteins also catalyze styrene cyclopropanation in good yield under standard
anaerobic conditions in the presence of the reducing agent sodium dithionite. Mb*(5ThzA) is comparable
to Mb*(NMH) (both 71% yield) and superior to Mb* (61%), Mb*(4ThzA) (50%), Mb*(3ThiA) (49%)
and free heme (29%) (Figure 5A). Like Mb*(NMH), Mb*(5ThzA) also catalyzes the reaction in the
absence of reductant. The observation that the catalysts with the most positive reduction potentials
perform better than Mb* and the other catalysts is consistent with computational studies indicating that
more electron deficient iron-carbenoid complexes should speed up the concerted cyclopropanation
reaction.’’” Notably, Mb* Mb*(NMH) and Mb*(5ThzA) promote cyclopropanation with high
enantioselectivity (>99% ee), whereas Mb*(3ThiA) (44% ee) and Mb*(4ThzA) (11% ee) exhibit only
poor selectivity (Table S3). The loss in stereochemical fidelity in the latter cases likely reflects competition

from heme either free in solution or non-specifically bound to solvent exposed residues.
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Figure 5. Reactivity of myoglobin variants in different carbene transfer reactions. (A) Cyclopropanation.
(B) N-H insertion. (C) S-H insertion. The reactions were carried out both anaerobically (red bars) and in
open reaction vessels (blue bars) in the presence (+) or absence (-) of 10mM dithionite. Reaction
conditions: 50 mM potassium phosphate buffer pH=7.0, 10 uM enzyme, 10 mM EDA, 10 mM aromatic

compound, 1 h, r.t.

Heme-catalyzed N-H insertions are thought to proceed via nucleophilic attack on the iron
porphyrin carbenoid rather than by a concerted mechanism.*® We found that all four myoglobin variants

efficiently catalyze the reaction of ethyl diazoacetate and aniline to give N-phenylglycine ethyl ester in
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74-93% yield under anaerobic conditions in the presence of 10 mM dithionite (Figure 5B). Notably,
Mb*(NMH) and Mb*(5ThzA) also yield comparable amounts of product (80%) in the absence of
dithionite. This novel reactivity may reflect initial reduction of the protein by aniline or, as in the case of

cyclopropanation,®® a parallel Fe(III) reaction manifold.

The trends observed for the reaction between thiophenol and ethyl diazoacetate, an S-H insertion,
differ from the other two carbene transfer reactions. In this case, Mb*(4ThzA) is the most effective
catalyst, followed by Mb*(5ThzA) and Mb*(3ThiA) (Figure 5C). All three outperform Mb* and
Mb*(NMH). The reactions with Mb*(4ThzA) and Mb*(5ThzA), and to a lesser extent Mb*(3ThiA), can
be carried out in open reaction vessels. Mb*(4ThzA) is also active in the absence of reducing agent, albeit
only weakly (15% yield). Computational studies suggest that hydrogen atom transfer (HAT) is the rate
determining step for S-H insertion.*” HAT is a radical process involving oxidation of the Fe(II) iron metal
center (Scheme S1), which would explain why Mb variants with lower reduction potentials such as
Mb*(3ThiA) and Mb*(4ThzA) outperform Mb* and Mb*(NMH). The reasons for the enhanced activity
of Mb*(5ThzA) are less clear. One possibility is that recombination of the initially generated thiyl radical
with the iron carbenoid intermediate after the rate-determining HAT step (Scheme S1) is faster in
Mb*(5ThzA) than in other variants as it involves reduction of an Fe(III) to an Fe(II) species. Faster radical

recombination may mitigate inactivating side reactions of the thiyl radical with the cofactor or the protein.

Our results illustrate how different ncAAs can modulate the structural and electronic properties of
myoglobin-bound heme, giving rise to distinctive reactivity profiles. The excellent performance of
5ThzA, a new genetically encoded ncAA, in three mechanistically distinct carbene transfer reactions is
particularly noteworthy. It is an excellent mimic of His93, minimally perturbing the protein binding
pocket, and also affords the most positive redox potential of all the ligands tested, facilitating direct
reaction with EDA in the absence of reductant. In contrast, 3ThiA and 4ThzA, which were previously
proposed as isosteric histidine analogues, fail to coordinate the myoglobin heme iron via their heterocyclic

sulfur atom and are hence poor His93 surrogates. Nevertheless, other metal centers may prove more
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tolerant to the N=>S substitution; 4ThzA could also be an attractive replacement for histidines that
coordinate metal ions via Ns rather than Ne. In the future, genetically encoded ligand exchanges in heme
and non-heme iron enzymes, copper binding enzymes, and many other metalloproteins can be expected
to become as routine as altering the coordination sphere of synthetic transition metal complexes as a

means of rationally tuning metal ion reactivity.
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. Materials and Methods

All chemicals and solvents were purchased from commercial suppliers and were used without further
purification. H-His(3-Me)-OH (NMH) was obtained from Bachem (Bubendorf, Switzerland). All other
ncAAs were either synthesized or bought from Ark Pharm (lllinois, USA). Product standards for GC-
calibration curves were obtained from Enamine (rac-ethyl (1R, 2R)-2-phenylcyclopropane-1-
carboxylate), Maybridge (ethyl 2-(phenylthio)acetate) and Acros (N-phenylglycine ethyl ester). LB
medium and 2xYT were purchased from MP Biomedicals, LLC (California, USA) and Sigma-Aldrich
(Missouri, USA). Hemin chloride and 6-aminolevulinic acid were purchased from Merck Millipore
(Darmstadt, Germany) and Acros Organics (Geel, Belgium). Glucose oxidase was obtained from TCI
(Tokyo, Japan). PEG1500, xanthine oxidase from bovine milk and bovine liver catalase were purchased
from Sigma-Aldrich (Buchs, Switzerland). Oligonucleotides were synthesized by Microsynth AG

(Balgach, Switzerland).

All UV-vis spectra were recorded on Perkin EImer Spectrometers of the Lambda series (25, 35 or 45) at
20 °C. Depending on the enzyme concentrations, cuvettes with path lengths of either 1 cm, 2 mm or 1

mm were used. The scan speed was 960 nm/min.

GC measurements were performed on a Shimadzu instrument. Conditions were optimized to achieve

baseline separation of all species.

Fast protein liquid chromatography (FPLC) was carried out on an NGC Quest 10 plus chromatography
system (Bio-rad laboratories, California, USA) equipped with a multi-wavelength detector, BioFrac
fraction collector and a Superdex 75 increase 10/300 GL (GE healthcare Life Sciences, Illinois, USA)
size exclusion (SEC) column. Hydrophobic interaction chromatography (HIC) was performed on a HiPrep

Butyl FF 16/10 column (GE healthcare Life Sciences, Illinois, USA).
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on a
PhastSystem electrophoresis apparatus using precast PhastGel homogeneous 20.0 (GE healthcare Life

Sciences).

High-resolution mass spectra were recorded on an electrospray ionization quadrupole time-of-flight (ESI-
Q-TOF) MaXis system (Bruker Daltonics, Bremen, Germany) coupled to an Agilent 1200 HPLC system

(Agilent technology, California, USA).
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I1. General Procedures

(A) aaRS Library construction

Seven M. barkeri PyIRS mutant libraries were created by cassette mutagenesis of four positions that line
the amino acid binding pocket (Table S1). Libraries V-VII contained a fixed Y349F mutation that was
reported to increase the rate of tRNA aminoacylation independent of the substrate in homologous PyIRS
of M. mazei. For all other sites, full randomization to any amino acid was enabled by diversifying the
genes encoding PyIRS? or PylRS (Y349F) by overlap extension polymerase chain reaction using
degenerate primers (Table S1, Table S4). Equimolar amounts of the respective fragments were generated
by PCR and assembled to the full-length gene by amplification with the outermost primers 016 and 021
(Table S4). All PCR products were digested with Ndel and Pstl restriction endonucleases according to
the manufacturer’s protocol (using a twofold excess of Ndel) and ligated with a threefold molar excess
into the analogously digested acceptor vector-pBK?2- using T4 ligase. Ligation mixtures were purified
with the Clean and Concentrator-5 Kit (Zymo Research) and used to transform electrocompetent XL1-
Blue cells. The transformants were recovered in 50 mL SOC medium at 37 °C for 1 h before cooling to 4
°C. Cells were subsequently pelleted by centrifugation at 2,137 g at 4 °C for 20 min and resuspended in
1.1 mL cold SOC medium. To determine library size, dilutions were plated on kanamycin-containing LB
agar plates. The remaining culture was selected for antibiotic resistance by plating each library on seven
LB agar plates supplemented with kanamycin and incubating them at 37 °C overnight. Resulting lawns
of E.coli were scraped off the plates the next day and resuspended in LB medium. Suspensions of the
same library were combined and plasmids isolated. The integrity of the library was confirmed by pool
sequencing, as well as by sequencing of five individual clones from each library using primers 022 and
025. Purified plasmids were used to transform electrocompetent DH10p cells which had been previously
transformed with the positive selection plasmid
pREP_PyIT_CAT(111AMBER)_T7RP(8,114AMBER)_GFP?. The transformants were recovered in 50
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mL SOC medium at 37 °C for 1 h before being cooled to 4 °C. Cells were subsequently pelleted by
centrifugation at 2,137 g at 4 °C for 20 min and resuspended in 1.1 mL cold SOC medium. To determine
library size, dilutions were plated on LB agar plates containing both kanamycin and tetracycline. The
remaining culture was selected for antibiotic resistance by plating each library on seven LB agar plates
supplemented with kanamycin and tetracycline and incubating them at 37 °C overnight. E. coli lawns
were scraped off the plates the next day and suspended in LB medium containing kanamycin and
tetracycline. Subsequently, suspensions of the same libraries were combined and the ODgoo measured to
estimate the concentration of colony forming units (cfu). It was assumed that an ODegoo Of 1 corresponds
to 5.5x108 cfu/mL. Aliquots of an estimated 2.1x108 cfus (200-fold library coverage) were stored in LB
medium supplemented with kanamycin, tetracycline and 30 % (v/v) glycerol at -80 °C until further use.
An accurate number of cfus per aliquot was determined by thawing individual vials and plating dilutions

onto LB agar plates containing kanamycin and tetracycline.

(B) PyIRS selection

4ThzA: Aliquots of glycerol stocks of all seven PyIRS libraries were thawed. Approximately 1.1x10’ cfu
(10-fold library coverage) from each were pooled in 2 mL glycerol minimal media with leucine (GMML,
1 % (w/v) glycerol, 1x M9 salts, ImM MgSOa, 0.1 mM CaCly, 5 uM FeSO4, 1x trace metals, 8.5 mM
NaCl, 0.3 mM L-leucine) supplemented with 50 pg/mL kanamycin, 12.5 pg/mL tetracycline and 2 mM
4ThzA. As a control, an identical sample was prepared excluding the ncAA. Cells were grown in a shaking
incubator at 230 rpm at 37 °C for 4 h before 500 pL were plated on GMML agar plates (GMML medium
+ 15 ¢/L agar-agar) containing 12.5 pg/mL tetracycline, 50 pg/mL kanamycin, 80 pg/mL
chloramphenicol and 2 mM 4ThzA. In the control 4ThzA was not added. The resulting plates were
incubated for 48 h at 37 °C in 100 % humidity, then for another 12 h at 30 °C and 100% humidity. After
incubation, a growth advantage for cells grown on the plate containing 4ThzA compared to those grown

on non-supplemented plates was evident. Cells were scraped off the plate, resuspended in cold LB
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medium containing 50 pg/mL kanamycin and 12.5 pg/mL tetracycline and the plasmids were isolated.
pBK and pREP plasmids were separated by 0.75 % (w/v) agarose gel electrophoresis. The pBK plasmids
were extracted using the Gel DNA Recovery kit (Zymo Research) and subsequently purified using the
Clean and Concentrator-5 kit. Purified plasmids were used to transform electrocompetent DH10p cells
containing the negative selection plasmid pBAR_PyIT Barnase(2,44AMBER).? Transformants were
rescued in 1 mL SOC medium for 1 h at 37 °C and shaken at 230 rpm before being plated on LB agar
plates supplemented with 50 pg/mL kanamycin, 34 pg/mL chloramphenicol and 0.2 % (w/v) L-arabinose
to induce the araBAD promoter controlling the barnase gene. Cells were incubated overnight at 37 °C and
subsequently scraped off the plates and resuspended with cold LB medium containing kanamycin and
chloramphenicol. Plasmids were isolated and pBK and pBAR plasmids were separated by 0.75 % (w/v)
agarose gel electrophoresis. The pBK plasmids were extracted using the Gen DNA Recovery kit and
subsequently purified using the Clean and Concentrator-5 kit. For the subsequent round of positive
selection purified plasmids were used to transform electrocompetent DH10p cells carrying the positive
selection plasmid. Transformed cells were rescued in 2 mL SOC medium and shaken at 230 rpm, 37 °C
for 1 h before being chilled on ice and pelleted by centrifugation at 3500 g for 3 min at 4 °C. Cell pellets
were resuspended in 2 mL GMML medium containing tetracycline and kanamycin. The resulting
suspensions were split and each half was added to 1 mL GMML medium containing kanamycin,
tetracycline, one half containing 2 mM 4ThzA (final concentration), the other half did not contain any
ncAA. Cell cultures were incubated at 37 °C and 230rpm for 3.5 h before being plated on positive selection
plates with and without 4ThzA. Subsequent rounds of positive and negative selection were carried out as
detailed above. In total, three rounds of positive and two rounds of negative selection were conducted.
For the last round of negative selection, the stringency was increased by growing cells on richer 2xYT
agar plates. Individual clones from the last step of positive selection were further analyzed in a subsequent

growth assay.
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3ThiA: In analogy to the aforementioned procedure, PyIRS libraries were subjected to a round of positive
selection with a histidine analog, followed by negative selection. In the subsequent positive selection
round, the PyIRS variants were selected towards acceptance of 3ThiA as substrate for aminoacylation.

Individual clones from the last step of positive selection were further analyzed by a growth assay.

(C) Growth assay

92 single clones from the last round of positive selection were grown in a 96-deepwell place, each well
containing 1 mL LB medium supplemented with 50 pg/mL kanamycin and 12.5 pg/mL tetracycline. Two
wells that were not inoculated served as sterile controls and two additional wells were inoculated with
DH10p cells harboring pBK_PyIRS and the positive selection plasmid. The latter samples served as
negative controls. Plates were incubated overnight at 37 °C in 100% humidity at 1,050 rpm. Cells were
then washed twice with 1 mL PBS and subsequently diluted 1:50 in PBS. 5 pL of the dilutions were plated
on LB agar plated supplemented with or without 2 mM ncAA, in addition to 50 pg/mL kanamycin, 12.5
pg/mL tetracycline and increasing concentrations of chloramphenicol (0, 50, 100, 150 pg/mL). Clones
showing strongest growth on plates containing the ncAA and high chloramphenicol concentrations, but
little growth on plates without ncAA were selected for sequencing using the primers 022 and 025. The

assay was repeated with fresh transformants of variants of interest to confirm the initial results.

(D) Plasmid construction

pEVOL _PyIT PyIRS: For efficient production of proteins containing a ncAA, the corresponding PyIRS

variants needed to be cloned into the pEVOL_PyIT plasmid system.® The plasmid has two copies of the
gene one under the constitutive ginS and one under the inducible araBAD promoter. The first copy was
inserted by amplifying the respective PyIRS encoding gene from the pBK sysem using primers 026 and
027 (Table S4). The PCR products were digested with Bglll and Sall restriction endonucleases according
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to the manufacturer’s protocol and ligated with a threefold molar excess into the analogously digested
PEVOL_PyIT acceptor vector using T4 ligase. Cloning success was confirmed by sequencing the
resulting plasmid with 032 and pBADrev (Table S4). The second copy of the gene was inserted after it
was digested with Ndel and Pstl restriction endonucleases using a twofold excess of Ndel and ligated
with a threefold molar excess into the analogously digested pEVOL_PyIT acceptor vector obtained after
the first insertion. Cloning success was confirmed by sequencing the resulting plasmid with primers 023

and 024 (Table S4).

sfGFP:

For construction of the pET29b(+) sfGFP(133AMBER)-6His the Asp133 codon in the gene encoding
sfGFP was mutated to an amber stop codon by overlap extension PCR. Two fragments corresponding to
the N- and C- termini of the sSfGFP gene were amplified from pACYC_6His-sfGFP* using primer pairs
028/030 and 029/031 (Table S4). The two PCR products were purified and then combined in an equimolar
ratio for the final PCR. The full-length fragment was assembled using the primer pair 028 and 029. The
mutated fragment was digested by Ndel (twofold excess) and Xhol and ligated into a pET29b(+) vector

digested with the same restriction enzymes, yielding pET2bb(+)_sfGFP(133AMBER)-6His.

Myoglobin variants:

Construction of plasmids encoding sperm whale myoglobin variants (pET29b_Mb H64V V68A and

PET29b_Mb H64V V68A HI3TAG) was described previously.®

The DNA sequence of pET29b Mb H64V V68A:
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ATGATGGTTCTGTCTGAAGGTGAATGGCAGCTGGTTCTGCATGTTTGGGCTAAAGTTGAAG
CTGACGTCGCTGGTCATGGTCAGGACATCTTGATTCGACTGTTCAAATCTCATCCGGAAAC
TCTGGAAAAATTCGATCGTTTCAAACATCTGAAAACTGAAGCTGAAATGAAAGCTTCTGAA
GATCTGAAAAAAGTGGGTGTTACCGCGTTAACTGCCCTAGGTGCTATCCTTAAGAAAAAAG
GGCATCATGAAGCTGAGCTCAAACCGCTTGCACAATCGCATGCTACTAAACATAAGATCCC
GATCAAATACCTGGAATTCATCTCTGAAGCGATCATCCATGTTCTGCATTCTAGACATCCA
GGTGACTTCGGTGCTGACGCTCAGGGTGCTATGAACAAAGCTCTGGAGCTGTTCCGTAAAG
ATATCGCTGCTAAGTACAAAGAACTGGGTTACCAGGGTGGCTCGGGACATCATCACCATCA

CCATTGA

The amino acid sequence of Mb*:

MMVLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED
LKKVGVTALTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHPGDFGA

DAQGAMNKALELFRKDIAAKYKELGYQGGSGHHHHHH

The DNA sequence of pET29b Mb H64V V68A HI3TAG:

ATGATGGTTCTGTCTGAAGGTGAATGGCAGCTGGTTCTGCATGTTTGGGCTAAAGTTGAAG

CTGACGTCGCTGGTCATGGTCAGGACATCTTGATTCGACTGTTCAAATCTCATCCGGAAAC

TCTGGAAAAATTCGATCGTTTCAAACATCTGAAAACTGAAGCTGAAATGAAAGCTTCTGAA

GATCTGAAAAAAGTGGGTGTTACCGCGTTAACTGCCCTAGGTGCTATCCTTAAGAAAAAAG

GGCATCATGAAGCTGAGCTCAAACCGCTTGCACAATCGTAGGCTACTAAACATAAGATCCC

GATCAAATACCTGGAATTCATCTCTGAAGCGATCATCCATGTTCTGCATTCTAGACATCCA

GGTGACTTCGGTGCTGACGCTCAGGGTGCTATGAACAAAGCTCTGGAGCTGTTCCGTAAAG
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ATATCGCTGCTAAGTACAAAGAACTGGGTTACCAGGGTGGCTCGGGACATCATCACCATCA

CCATTGA

The amino acid sequence of Mb*(ncAA):

MMVLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED
LKKHGVTVLTALGAILKKKGHHEAELKPLAQS(NcAA)ATKHKIPIKYLEFISEAIIHVLHSRHPG

DFGADAQGAMNKALELFRKDIAAKYKELGYQGGSGHHHHHH

(E) Protein production and purification®. For expression of Mb*, pET29b_Mb H64V V68A was
transformed into BL21(DE3) E. coli and the cells were plated on a LB agar plate containing 50 pg/ml
kanamycin. A single colony of freshly transformed cells was cultured overnight in 3 ml of LB medium
containing 50 pg/ml kanamycin. 1 ml of the culture was used to inoculate 100 mL of 2xYT medium
supplemented with 1 mM &-aminolevulinic acid (1M stock) and 50 pg/ml kanamycin. The culture was
incubated for ~2 h at 37 °C at a shaking speed of 230 rpm. When the ODsoo of the culture reached 0.4 to
0.5, IPTG was added to a final concentration of 0.1 mM to induce expression of the Mb* protein. For
expression of Mb*(ncAA), pET29b_Mb H64V V68A HI93TAG and the correct pEVOL_PyIT_PyIRS
vector were used to cotransform BL21(DE3)Gold E. coli. The cells were plated on an LB agar plate
containing 50 pg/ml kanamycin and 34 pg/ml chloramphenicol. A single colony of freshly transformed
cells was cultured overnight in 3 ml of LB medium containing 50 pg/ml kanamycin and 34 pg/ml
chloramphenicol. 1 mL of the culture was used to inoculate 100 mL of 2xYT medium supplemented with
1 mM &-aminolevulinic acid, 12 mM of ncAA (8 mM in case of 3ThiA), 50 pg/ml kanamycin and 34
ng/ml chloramphenicol. The culture was incubated for ~2.5 h at 37 °C at a shaking speed of 230 rpm.
When the ODgoo 0f the culture reached 0.4 to 0.5, IPTG (1 M stock) and arabinose (10% stock in water)

were added to a final concentration of 0.1 mM and 0.05%, respectively.
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The induced cultures were incubated for ~24 h at 25 °C, and the cells were subsequently harvested by
centrifugation at 8,000 g for 10 min. The pelleted bacterial cells were suspended in PBS buffer
(NazHPO4 10 mM, KH2PO4 1.8 mM, NaCl 137 mM, KCI 2.7 mM pH 7.4) and sonicated to disrupt the
cells. To maximize heme occupancy, all proteins were reconstituted with hemin chloride. Briefly, the
lysate solutions were rapidly mixed with 0.2 mM of hemin chloride (20 mM stock solution in 10 mM
NaOH), and incubated at 4 °C for 10 min. The lysate was centrifuged at 11,500 g for 15 min and the
supernatant was subjected to affinity chromatography using Ni-NTA Agarose (Qiagen, Helden,
Germany). After two washes with buffer containing 50 mM Tris-HCI, 300 mM NaCl and 10 mM
imidazole at pH 8.0, the proteins were eluted by 50 mM Tris-HCI, 300 mM NaCl at pH 8.0 containing
300 mM imidazole. The proteins were then further purified by size-exclusion (SEC) chromatography on
Superdex 75 10/300 increase GL (GE healthcare Life Sciences). If necessary, an additional HIC step was
added. Purified samples were analyzed by SDS-PAGE for purity and by HR-MS for correct incorporation
of the ncAA (Table S2). If necessary, the protein solution was concentrated by Amicon Ultra-15 10 kDa
cut-off centrifugal filter device (Merck Millipore, Massachusetts, USA). The concentrations of heme
proteins were determined by UVvis absorbance measurements at the Soret band using extinction

coefficients determined by the hemochrome assay (see below).

(F) GFP amber suppression assay

To assay the efficiency of amber suppression enabled by different PyIRS variants E. coli BI21-Gold(DE3)
cells were cotransformed with pET29b(+)_sfGFP(133AMBER)-6His and the respective
pEVOL_PyIT_PyIRS plasmids. For each PyIRS variant three single clones from the transformation were
used to inoculate 1 mL LB medium supplemented with 34 pg/mL chloramphenicol and 50 pg/mL
kanamycin in three separate wells of a 96-deepwell plate. Plates were incubated overnight at 37 °C in
100% humidity at 1,050 rpm. The overnight cultures were used to inoculate 2x 1mL LB medium

containing 34 pg/mL chloramphenicol and 50 pg/mL kanamycin either supplemented with 2 mM ncAA
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or, as negative control, unsupplemented antibiotics-containing LB. Cultures were incubated for
approximately 2 h at 37 °C in 100% humidity and 1,050 rpm before gene expression was induced by the
addition of IPTG (1mM final) and L-arabinose (0.02% final). Plates were further incubated overnight at
25 °C in 100% humidity at 1,050 rpm. On the next day, cells were washed twice with 1 mL PBS before
being resuspended in the same volume. 200 pL of the suspension were transferred to a black 96-well
microtiter plate, and cellular sfGFP fluorescence intensity was measured at 510 nm upon excitation at 485
nm. 200 pL of the same suspension were used to measure the ODeoo Of the culture in a microtiter assay.
SfGFP fluorescence was normalized to the ODeoo Of the respective culture. Reported values are the average

of three analyzed single clones and errors are given by the resulting standard deviation.

To determine the ideal concentration of ncAA for each PyIRS variant during protein production, the GFP

assay was repeated in 2xYT using increasing concentrations of the amino acid (0, 1, 2, 4, 8, 12 mM)

(G) Crystallization and structure determination

Myoglobin variants in PBS buffer were concentrated to approximately 45 mg/ml using an Amicon Ultra-
15 10 kDa cut-off centrifugal filter device. The protein solutions were passed through a Zeba spin
desalting column pre-equilibrated with pure water, and the final concentration was adjusted to 30 mg/ml.
The proteins were crystallized by vapor diffusion in sitting drops at 20 °C using seeds of Mb*(NMH)
crystals. Optimal crystallization conditions were found to be 0.1 M SPG buffer at pH 6.8-7.2 containing
28-32% (w/v) PEG1500. Crystals were cryo-protected by plunging into mother liquor supplemented with
20% (w/v) ethylene glycol prior to flash freezing in liquid nitrogen. Diffraction data were collected at 100
K using a wavelength of 1.000 A at the Swiss Light Source (SLS). The structures were solved by
molecular replacement using the Mb* structure (PDB ID: 6G5T) and program Phaser’ and were further
refined using the program PHENIX® Refinement statistics are summarized in Supplementary Table S5.

Anomalous maps were also calculated using the program PHENIX.
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(H) UV-vis measurements

All spectra were recorded anaerobically in 50 mM potassium phosphate buffer at pH 7.0. Enzyme and

reactant concentrations were chosen as indicated in each experimental section.

(1) Hemochrome assay

In order to determine the heme occupancy of Mb* and Mb*NMH, a hemochrome assay was carried out
following a slightly modified literature procedure.® A solution of pyridine-NaOH was prepared by mixing
1 mL of pyridine with 0.4 mL 1 M NaOH and removing the excess aqueous phase. To a cuvette containing
700 pL degassed protein solution in 50 mM potassium phosphate buffer pH 8.0, 250uL pyridine-NaOH
and 50 pL of dithionite solution (10 mg/mL in 50 mM potassium phosphate pH 8.0) were added
anaerobically. The UV-vis spectra were recorded and the concentration was determined using an
extinction coefficient, esse-s40, 0f 22,100 Mcm™.1° Determination of the concentrations was performed in

triplicate.

To determine the extinction coefficients of the ferric myoglobin variants, the UV-vis spectrum of 1 mL
protein solution in 50 mM potassium phosphate buffer pH 8.0 was recorded. By plotting the measured

absorbance values of the Soret bands against protein concentration, the extinction coefficients, €soret, fOr
Mb*(5Thz), Mb*(4ThzA) and Mb*(3ThiA) were determined to be 142,000 M-tcm™, 188,000 M*cm™and

126,000 M-tcm?, respectively.

(J) Reduction potential determination

Reduction potentials were determined using a slightly modified literature procedure.!* For reduction

potential measurements, 50 mM potassium phosphate buffer pH 7.0 containing 10 mM glucose and 300
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MM xanthine was made anaerobic by bubbling nitrogen for 10 minutes through the buffer in a 1 mL
cuvette sealed with a septum. Then toluidine blue or Nile blue, enzyme (2 uM final concentration), 30 uL
catalase (stock 10 mg/mL, final 0.3 mg/mL) and 10 pL of glucose oxidase (stock 5 mg/mL, final 50
pg/mL) were added. To initiate the reaction, 2 pL of a 25 uM xanthine oxidase solution (50 nM final
concentration) was added. The reactions were monitored by UV-vis for approximately 30 minutes. The
reduction potential was determined by adding the standard reduction potential of toluidine blue (E° = +34
mV) or Nile blue (E° = -116 mV) to the value of the y-intercept obtained by fitting the data to the Nernst
equation (Figure S3). When fitting the data, the first few points were ignored for Mb*(4ThzA) and
Mb*(3ThiA) as it took awhile for the system to reach equilibrium. Due to the low reduction potential of
the dye and the protein, the two variants and Nile blue were not completely reduced over the course of

the assay. However, complete reduction could be achieved using dithionite as reductant.

(K) Carbene transfer reactions

Carbene transfer reactions were run on a 400 pL scale in 2 mL sealed glass vials. The enzyme (final
concentration 10 uM) was added to degassed 50 mM potassium phosphate buffer pH 8.0 and the solution
was made anaerobic by continuous headspace exchange with nitrogen gas for a minimum of 10 minutes.
The reactions were initiated by adding dithionite (400 mM stock solution in 50 mM potassium phosphate
buffer pH 8.0), substrate (styrene, aniline or thiophenol, 10 uL of 400 mM stock in methanol) and EDA
(10 pL of 400 mM stock). For reactions under non-reducing conditions, dithionite was excluded. The
mixtures were stirred for 1 h at 200 rpm using a magnetic stirring bar. For product quantification, 100 pL
of 5 mM 1,2-dimethoxybenzene in chloroform was added as standard and the product extracted with 900
ML ethyl acetate. The product was quantified by GC-FID analysis using calibration curves prepared from
authentic commercial standards. For analysis of ee, samples were analyzed by supercritical fluid

chromatography (SFC) using a chiral column.
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111.) Supplementary Figures

Figure S1. (A) 2Fo-Fc map of Mb*(5ThzA) contoured at 3¢ showing the electron density for the ncAA
in the proximal pocket. (B) Anomalous map of Mb*(5ThzA) contoured at 2. The anomalous signal of
sulfur clearly shows the sidechain is oriented as indicated in the figure. (C) Overlay of Mb*(5ThzA)
(cyan) and Mb* (gray). (D) The hydrogen bonding networks in the proximal pocket of Mb*(5ThzA) and

(red) Mb* (purple). Although replacement of histidine with 5ThzA disrupts the hydrogen bond between
31



the proximal ligand and Ser92, the latter maintains its interaction with one of the heme propionic acid
group via an altered rotameric conformation. Oxygen atoms are colored red, nitrogen atoms blue, sulfur

atoms yellow; the iron ion is shown as an orange sphere.
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Figure S2. (A) 2Fo-Fc map of Mb*(3ThiA) contoured at 36 showing the ncAA in the proximal pocket.
(B) Anomalous map of Mb*(3ThiA) contoured at 26. While the position of the sulfur atom cannot be
assigned unambiguously from the anomalous signal, the density in the 2Fo-Fc map suggests that it
points away from the iron. (C) Overlay of Mb*(NMH) (pink) and Mb* (gray). Note the altered
conformations of the proximal ligand (NMH vs. histidine), Ser92 and His97, which alter the tilt of the
heme plane. (D) Overlay of Mb*(5ThzA) (cyan), Mb*(NMH) (pink), Mb*(3ThiA) (green) and Mb*

(gray), shown from a different perspective than Figure 3D in the main text, highlighting the different
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conformations of the noncanonical proximal ligands. Oxygen atoms are colored red, nitrogen atoms

blue, and sulfur atoms yellow; the iron ion is shown as an orange sphere.
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Figure S3: Reduction potential of myoglobin variants. Representative spectra (left) and Nernst plots
(right) for reduction potential measurements of (A) Mb*(5ThzA), (B) Mb*(4ThzA), and (C)
Mb*(3ThiA) are shown. Spectra of fully oxidized and reduced myoglobin variants are red and blue,

respectively. For Mb*(4ThzA) and Mb*(3ThiA), the dye was not completely reduced.
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IV. Supplementary Schemes
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Scheme S1. Proposed mechanism of carbene S-H insertion reaction.*? The carbene species is formed
upon reaction of the Fe(ll) iron with the carbene precursor EDA. Next, hydrogen atom transfer (HAT)
from the thiol to the carbene species occurs, which is the rate determining step of the reaction. As a last

step, the thiyl radical recombines with the carbenoid intermediate, regenerating the Fe(ll) resting state.
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IV. Supplementary Tables

Table S1: Focused libraries for parallel randomization of four residues in PyIRS and

PyIRS(Y349F)

Library Fixed Position Position  Position Position Primers
1 2 3 4
| L270X  Y271X  L274X  C313X 016+017 018+013
020+021
1 A267X  Y271X  N31IX  C313X  016+01 02+03 04+021
i Y271X  L274X  C313X  Y34gx °16+0506+019 020+07
08+021
016+01 09+03 010+011
IV A267X  N311X V367X  G384X  o4o13 o14ron]
v Y349F  L270X  Y271X  L274X  C313X 016+017 018+013
020+021
VI Y349F  A267X  Y271X  N311X  C313X  016+01 02+03 04+021
016+01 09+03 010+011
VI Y349F  A267X  N311X V367X  G384X  o4o13 o14ronl
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Table S2: HR-MS of myoglobin variants.

variant Theoretical mass [Da] Mass found [Da]
Mb* 18289.06 18288.69°
Mb*(NMH) 18303.07 18302.69°
Mb*(5ThzA) 18305.65 18305.44
Mb*(4ThzA) 18305.65 18305.21
Mb*(3ThiA) 18304.66 18304.48
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Table S3: Diastereoselectivity and enantioselectivity of cyclopropanation reactions.

variant Diastereomeric Ratio Enantiomeric Excess [%]
Mb* >09:1 >99
Mb*(NMH) >90:1 >99
Mb*(5ThzA) >09:1 >99
Mb*(4ThzA) 91:9 11
Mb*(3ThiA) 96:4 44
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Table S4: List of Primers

Name

Sequence 5°->3°

ol
02
03

o4

05
06
o7
08
09
010
0l1
012
0l3
0l4
o0l5
0l6
017
018*
019
020*
021
022
023
024
025
026
027
028
029
030
031
032

CAGCATCGGACGAGG
CCTGCGTCCGATGCTGNNKCCGACGCTGNNKAATTATCTGCGTAAAC
CACCATGGTGAATTCTTCCAGG
CCTGGAAGAATTCACCATGGTGNNKTTCNNKCAAATGGGTAGCGGCTGC
A

CAGCGTCGGGGCCAG
CTGGCCCCGACGCTGNNKAACTACNNKCGCAAACTGGATCGT
AACCATGCAGCTATCGCCC
GGGCGATAGCTGCATGGTTNNKGGTGATACCCTGGAT
CCTGCGTCCGATGCTGNNKCCGACGCTGTATAACTAT
CCTGGAAGAATTCACCATGGTGNNKTTCTGCCAAATGGGC
AACCGCGCTGCTCAGTT
AACTGAGCAGCGCGGTTNNKGGCCCGGTTAGCCTGGA
GATCCACGGTTTATCAATGCC
GGCATTGATAAACCGTGGATCNNKGCCGGTTTTGGCCTGGAA
AAAATGCTCGAGTCCCGAGCCACC
GAGGAATCCCATATGATGGATAAA

GGTCGGGGCCAGCAT
ATGCTGGCCCCGACCNNKNNKAATTATNNKCGT... (end unknown)
AAAGTTAACCATGGTGAATTCTTC
GAAGAATTCACCATGGTTAACTTTNNKCAGATGGGCAG... (end unknown)
CGTTTGAAACTGCAGTTACAGGTT

CGGCGGCTTTGTTGAATAA

AAACTCAATATATTGCAGAG

TCCCGCTTTAATATCATAC

TATCCGGCCTACAAAAGCA
GAGGAATCCAGATCTATGATGGATAAAAAACCGCTGG
CGTTTGAAAGTCGACTTACAGGTTCGTGCTAATGCCG
GATATACATATGAGCAAAGGAGAAGAACTTTTC
GGTGGTGCTCGAGGGATCCTTTGTAGAGTTCATCCATGCC
GTCCGAGAATGTTTCCCTATTCTTTAAAATCAATAC
GTATTGATTTTAAAGAATAGGGAAACATTCTCGGAC
GGCGTCACACTTTGCTAT

pBADrev GATTTAATCTGTATCAGG

*Primers were obtained from an old lab stock and the sequence of the last nucleotides could not be
verified anymore
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Table S5: Data collection and refinement statistics

Mb*(5ThzA) Mb*(3ThiA)
PDB ID 6Z4T 6Z4R
Number of crystal 1 1
Data collection
X-ray wave length (A) 1.000 1.000
Rotation range (°) 0-180 0-180
Ad(°) 0.1 0.1
Exposure time (sec) 0.05 0.05
Space group P21212; P212121
Cell dimensions
a, b, c (A) 40.0, 47.3, 76.9 40.1, 47.3,76.2
Resolution (A) 40.3-1.23 40.2-1.96

(1.27-1.23)* (2.03-1.96)
Rmerge 5.3 (120) 22.4 (234)
1/ ol 16.6 (0.68) 11.1 (1.31)
CC (1/2) (%) 100 (28.5) 99.7 (60.3)
Completeness (%) 96.8 (75.6) 99.2 (98.0)
Redundancy 5.7 (2.2) 12.5 (12.5)
Refinement
Resolution (A) 40.3-1.23 40.2-1.96
No. reflections 41767 10834
Rwork / Rfree 15.1/18.8 21.9/26.7
No. atoms
Protein 1280 1216
Ligand/ion 45 43
Water 193 63
B-factors (A?)
Protein 18.4 33.3
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Ligand

Water

R.m.s. deviations

Bond lengths (A)

Bond angles (°)
Ramachandran plot (%)
Favored

Allowed

Qutliers

No. TLS groups

16.5
39.4

0.006
0.88

98.7
1.3

29.2
37.2

0.014
1.12

97.3
2.7
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