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Effect of proximal ligand substitutions on the carlene

and nitrene transferase activity of myoglobin
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Abstract: Engineered myoglobins were recently shown toffextve catalysts for abiological
carbene and nitrene transfer reactions. Here, westigated the impact of substituting the
conserved heme-coordinating histidine residue tatth proteinogenic (Cys, Ser, Tyr, Asp) and
non-proteinogenic Lewis basic amino acids (3-(3'iyl)-alanine,p-aminophenylalanine, and
B-(3-thienyl)-alanine), on the reactivity of this takoprotein toward these abiotic
transformations. These studies showed that mutafitime proximal histidine residue with both
natural and non-natural amino acids result in stabyoglobin variants that can function as both
carbene and nitrene transferases. In additionfitutiien of the proximal histidine with an
aspartate residue led to a myoglobin-based catedystble of promoting stereoselective olefin
cyclopropanation under nonreducing conditions. @Vehese studies demonstrate that proximal
ligand substitution provides a promising strategyuine the reactivity of myoglobin-based
carbene and nitrene transfer catalysts and pravidst, proof-of-principle demonstration of the
viability of pyridine-, thiophene-, and aniline-lmasunnatural amino acids for metalloprotein

engineering.




Heme-containing proteins have recently emergeda@siping biocatalysts for promoting
an array of abiological carbene and nitrene transtgctions useful for the construction of new
carbon-carboh'* and carbon-nitrogen bond&?° respectively. In particular, our group has
previously reported the versatility and synthettue of engineered myoglobins for catalyzing
stereoselective olefin cyclopropanation reactionghe presence of diazo-based carbene
donorg*?*112%and C—H amination reactions in the presence afeabsed nitrene dond’s,
among other abiological reactioffsThe reactivity of myoglobin in these transformasalerives
from its hemin cofactor (iron-protoporphyrin IX) hwse iron center is coordinated at the axial
position by a conserved ‘proximal’ histidine resdiHis93 in sperm whale myoglobiff)The
latter is implicated in mediating binding of thefactor to the protein as well as in modulating

the oxygen binding properties of this metallopnoféi

Modification of the metalloporphyrin cofactor ersirment in myoglobin (Mb)
represents a promising approach toward tuning barcing the reactivity of myoglobin in the
context of nitrene and carbene transfer reactiongrevious studies, we and others have
demonstrated that substitution of the iron centén ather metals (e.g., Mn, Co, Rh, Ru, Ir) led
to Mb variants with altered nitreleor carbene transferase activity’’ also enabling reactions
that cannot be achieved with the iron-containingnterpart$>2°In another study, the
combination of metal substitution with a proximigkind mutation (serine-ligated Co-Mb)
enabled the development of a Mb-based catalysttapd favoring olefin cyclopropanation
over the Y—H carbene insertion reactidh&urthermore, replacement of the protoporphyrin IX
ligand with other porphyrin derivatives has yielddd-based cyclopropanation catalysts with
distinct catalytic properties compared to wild-tygb.?®° In the context of P450 enzymes,

substitution of the axial cysteine ligand coordingtheme with serine was reported to favor



n'82%0r favor

nitrene transfer reactions such as aziridinatiahiatermolecular C—H aminatid
cyclopropanation over S—H carbene inserfibBubstitution of the cysteine axial ligand with
selenocysteine also affected the reactivity of B4&Omonooxygenas&sMore recently,
substitution of the proximal histidine ligand in Mith N°-methylhistidine (NMH) was found to
increase its peroxidase activitynd the same modification in an engineered Mbbaaebene
transferaseresulted in increased cyclopropanation activitgemon-reducing conditiorfs.
Despite this progress, the potential value of @itethe iron first coordination sphere residue in
engineered myglobins toward modulating their notiveacarbene and nitrene transferase
reactivity have remained largely undefined. In &ddi the feasibility of exploiting non-
canonical amino acids for this purpose beyond Namidiistidine has not been established.
Here, we addressed these questions through tharptiEm of a panel of proximal ligand Mb

variants Figure 1) and their characterization in terms of their 8ityand spectroscopic

properties and reactivity in representative carl@renitrene transfer reactions.
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Figure 1. Overview of myoglobin structure and chemical stwes of the natural and non-

canonical amino acid residues introduced at theehgioximal axial ligand position (His93).



For these studies, a series of proximal ligandaveisi were prepared based on
Mb(H64V,V68A), an engineered active site varianspérm whale myoglobin that exhibits high
activity and stereoselectivity in olefin cycloprodion with ethyla-diazoacetate (EDAY and
other acceptor-only diazo compourfdé?along with intramolecular C—H amination activity i
the presence of sulfonyl azidsA such, this variant was deemed useful for assgshbie impact
of altering the heme coordination environment othidb-mediated carbene and nitrene transfer
activity and on subtle properties such as diasteard enantioselectivity. Accordingly, a first set
of Mb(H64V,V68A)-based variants were generated updapstituting the proximal histidine
(His93) for another proteinogenic nucleophilic amactid capable of metal coordination,
namely, Ser, Cys, Tyr, and Asp. Cys and Tyr arelirad in heme ligation in P458sand
catalasé? respectively, whereas Asp is implicated in metardination in various
metalloenzyme&>*° To further extend the range of nucleophilic grotgpbe introduced at the
proximal site of the hemoprotein beyond that alldg proteinogenic amino acids, we also
targeted the preparation of Mb(H64V,V68A) variaintsvhich His93 is replaced with the non-
canonical amino acid (ncAA)aminophenylalaningpmF) .3’ 3-(3'-pyridyl)-alanine (3PyAf?
andp-(3-thienyl)-alanine (3ThAY (Figure 1). While sharing a similar size with histidine, siee
amino acids incorporate a side-chain group withicantly different basicity/nucleophilicty, as
supported by the different pKa and/or Lewis bagioitaniline, pyridine and thiophene
compared to imidazole (or N-methyl-imidazofé)lo generate these variants, a
Mb(H64V,V68A) construct containing an amber stop@o (TAG) at position 93 was expressed
in the presence of the desired ncAA and orthogamahoacyl-tRNA synthetases previously
developed for the genetic incorporation of thes&A=®"*®via the amber stop codon suppression

technology*>** Gratifyingly, all of these ncAA-containing Mb varits could be successfully



produced and isolated frob coli. In addition, selective incorporation of the capending
ncAA at the desired position (93) was confirmedB3MS and MS/MS analysis of peptide

fragments obtained after proteolytic digestionhade proteindHjgure S1).

Analysis of the electronic absorption spectrunthef purified Mb(H64V,V68A) variants
showed the presence of a prominent Soret bandatuwdg proper incorporation of the hemin
cofactor in each case, including the ncAA-contagnrariants. At the same time, side-by-side
comparison of the UV-vis spectra of the proximghhd-substituted Mb variant in their ferric,
ferrous and CO-bound forms show distinguishablaufea compared to the histidine-ligated
Mb(H64V,V68A) (Figure 2, Table S). Ferric Mb(H64V,V68A) shows a Soret band wihux
at 409 nm and Q bands at 530 and 636 nm, charst@tef a hexacoordinated high-spin iron
species! Reduction to the ferrous state with sodium dith®results in a red shift of the Soret
band to 432 nm, which undergoes a blue-shift to4ipon complexation with CO. As
summarized iMable S, differences in the absorption maxima for the Ebesd and/or Q
bands are observable for the proximal ligand-stuiseti variants when compared to each other
and to Mb(H64V,V68A), for one or more forms of themoprotein (i.e., ferric, ferrous, CO-
bound form). For example, the Soret bands of Mb{HE48A,HI93(3PylA)) have\ nax at 412
(ferric)/419(ferrous)/418(CO-bound) compared to/42@/420 for Mb(H64V,V68A,HI93pAmF),
406/421/420 for Mb(H64V,V68A,HI93S), and 409/432/484Mb(H64V,V68A) (Table SJ).
Moreover, the spectroscopic features of these prakiigand variants are distinct from those of
Mb(H64V,V68A) variants in which His93 was substédtwith a non-nucleophilic Phe residue
(405/417/415¥ or N-methyl-His, the latter being reported to diha UV-vis spectrum

indistinguishable from that of Mb(H64V,V68Aj Altogether, these spectroscopic analyses



indicated that the heme cofactor environment inl@#V,V68A) is altered upon mutation of

the proximal histidine residue with both the natarad unnatural amino acids.
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Figure 2. Electronic absorption spectra for representapweximal ligand Mb variants. (A)
Mb(H64V,V68A,H93D), (B) Mb(H64V,V68A,HI3(3PyIA)),&) Mb(H64V,V68A,HI3(pAMF))
and (D) Mb(H64V,V68A,H93(3ThA)). Spectra correspaiadthe proteins in their ferric (blue
line), ferrous (orange line) (solid line), and COuind form (grey line). Thanax for the Soret
band are indicated. See Table S1 for additionattepgcopic data on these and the other Mb

variants.

To examine the impact of these mutations on pratehility, the Mb variants were

further characterized with respect to their stibdigainst thermal denaturation. Consistent with



Fraction Folded

previous observatiorf§, Mb(H64V,V68A) was determined to have an apparemf66.0 °C
using variable temperature circular dichroism spsciopy Figure 3, entry 1). In comparison,
the proximal ligand variants were found to showeaegal reduction in thermostability, the
majority exhibiting an approximately 10-12 °C retlog in Ty, value. These results are not
entirely surprising considering the structural rofehe proximal histidine residue in MbThe
largest change in thermostability was observed thighH93D substitution (fF 47.9 vs. 66.0

°C), whereas smallest decrease in thermostabibty @bserved for the H93Y mutation,{160.9
vs. 66.0 °C). Notably, the mutations involving ti@n-canonical amino acids pAmF, 3PylA, and
3ThA were well tolerated by the myoglobin scaffalesulting in folded proteins (Figure 1) with
melting temperatures of 55-57 °Eidure 3). Thus, despite the reduction ig, €ompared to the
parent protein, the stability of these and the iogiieximal ligand Mb variants remain

comparable or higher than that of heme-dependerynees from mesophilic organisms{F 45

43,44
— 55 °C)"
—— Mb(H64V,V68A)
— Mb(H64V,V68A,HI3Y)
1 ——— Mb(H64V,V68A,HI3(3PyA))
—— Mb(H64V,V68A,HI3D)
0.8 Entry | Variant Apparent T , (C)
0.6 1 Mb(H64V,V68A) 66.0 £1.0
0.4 2 Mb(H64V,V68A,HI3(3PyA)) 55.3+0.8
0.2 3 Mb(H64V,V68A,HI3(pAmMF)) 55.6 +0.4
' 4 Mb(H64V,V68A,H93(3ThA)) 57.3+15
0 5 Mb(H64V,V68A,HI3C) 58.5+0.5
20 40 60 80 100
Temperature () 6 Mb(H64V,V68A,HI3Y) 60.9+0.8
7 Mb(H64V,V68A,HI3S) 55.1+0.6
8 Mb(H64V,V68A,HI3D) 479+20

Figure 3. Thermal denaturation curves for Mb(H64V,V68A) anelested proximal ligand
mutants as determined by variable temperature lairadichroism spectroscopy. The Table

reports the apparent,values for Mb(H64V,V68A) and its variants as detered by fitting raw



CD data to a sigmoidal equation via nonlinear regjon analysis. Mean values and standard

errors are derived from experiments performedipli¢ate.

Encouraged by these results, we examined the catbammsfer activity of the proximal
ligand Mb variants using the cyclopropanation gfeste () in the presence of ethgt
diazoacetate?) as a model reaction. Under ‘standard’ (i.e., amizie and reducing) conditioris,
Mb(H64V,V68A) catalyzes the nearly quantitative zersion of the olefin to the
cyclopropanation produ& (97%, 1,940 TON) with high enantio- and diastelesérity (99%
de andeg; Table 1, Entry 1). Under these conditions, nearly allhe proximal ligand-
substituted variants, including those incorporatimgnon-canonical amino acids pAmF, 3PylA
and 3ThA, were found to be viable cyclopropanatatalysts, supporting between 900 and
1,100 catalytic turnovers (TON) in this reactidrable 1). As an exception, the serine-
containing variant Mb(H64V,V68A,H93S) shows a sfgraint reduction in cyclopropanation
activity compared to the parent protein (25% v€03®nv.). Among the proximal ligand
variants, Mb(H64V,V68A,H93D) emerged as the moftieint and selective cyclopropanation
biocatalyst, producing with nearly identical turnovers and diastereodelgyg (1,930 TON,
95%de) and only moderately decreased enantioselec{jvi%oee) compared to

Mb(H64V,V68A) (Table 1, Entry 8).

We next performed the cyclopropanation reactiorthénpresence of oxygen
(‘aerobic/reducing’ conditions) and in the abseateeductant (‘fanaerobic/nonreducing
conditions’), the latter being beneficial for rechgthe ferric protein to the catalytically active
ferrous form® Under aerobic conditions, all of the proximal figavariants, except

Mb(H64V,V68A,H93D), showed a ~ 2-fold reductionayclopropanation reactivity compared



to the anaerobic reaction, likely due to inhibitr@sulting from oxygen binding to the heme
cofactor. In stark contrast, Mb(H64V,V68A,H93D) miiins high cyclopropanation activity
also in the presence of oxygen, produdrig 70% conversion and 1,400 turnovers. Notably,
Mb(H64V,V68A,H93D) was found to exhibit even higleclopropanation activity along with
higher diastereo- and enantioselectivity under remlucing conditions (78% conv., 1,590 TON,
99%de, 92%ee). This result is in contrast to Mb(H64V,V68A) atige other proximal ligand
variants, which show significantly reduced (27%\cdm@and negligible cyclopropanation activity
(£ 6% conv.), respectively, under the same reactoitions. Thus, the introduction of Asp at
the proximal ligand site of the hemoprotein hasigue effect toward enabling Mb to function
as a carbene transferase under non-reducing comslifloreover, this mutation can recapitulate
the effect previously observed for the same Mbardrupon substitution of His93 with N-
methyl-histidine® To investigate the involvement of ferric vs. fersspecies in
Mb(H64V,V68A,H93D)-catalyzed cyclopropanation, tleaction under anaerobic/non-reducing
conditions was also performed in the presence ok&t0rated buffer, which resulted in no
product formation. As CO binds with high affinitplg to ferrous heme, these results suggested
that the ferrous form of Mb(H64V,V68A,H93D) is ressible for catalysis. However, since it is
known that CO is able to slowly reduce ferric henotgins to their ferrous fori, further
experiments were performed to rule out the possilthiat ferric Mb(H64V,V68A,H93D) may

be reduced by CO and then inhibited by it overdtarse of these reactions. Incubation of ferric
Mb(H64V,V68A,H93D) with CO showed no formation dietferrous CO-bound species up to
40-45 min, and formation of a only small amountta$ species (<10%) at more extended
incubation times (> 60 minF{gure S3). On the other hand, analysis of ferric

Mb(H64V,V68A,HI93D)-catalyzed cyclopropanation ofreine with EDA after short reaction



times (i.e., 5 and 10 min, within which period morbus Mb(H64V,V68A,HI93D) is formed
upon reduction by CCrigure S3 showed formation of the cyclopropanation producin the
absence of CO, but not in the presence of it. Basetthese results, we conclude that the H93D
mutation enables Mb(H64V,V68A,H93D) to be effectiveeduced to the catalytically active

46-48

ferrous form by the diazo compoumdsitu, resulting in efficient olefin cyclopropanation

without the need of an exogeneous reductant.

Table 1: Catalytic activity and selectivity of proximagknd-substituted Mb variants in the

cyclopropanation of styrene with ethyldiazoacetate (EDAJ!

o Mb Catalyst
= 0.05 mol%
+ [ OBt ————— CO,Et
N KPi (pH 7.0),
2 RT.
Reaction Conditions: Anaerobic / Reducing Aerobic / Reducing Anaerobic / Non-reducing
Entry | Catalyst TON Conv.™ 9% de(ee) | TON Conv.™ 9% de(ee)” | TON Conv.” 9% de (ee)”
1 Mb(H64V,V68A) 1940 97% >99 (>99) | 1560  78% 97 (96) 545 27% >99 (98)
2 Mb(H64V,V68A,HI3(3PyA)) 1045 52% 84 (8) 625 31% 85 (11) 105 5% 95 (62)"
3 Mb(H64V,V68A,HI3(pAMF)) 1115 56% 84 (5) 905 45% 84 (5) 50 3% 90 (36)
4 Mb(H64V,V68A,H93(3ThA)) 845 42% 83 (8) 590 29% 84 (10) 45 2% 93 (60)"
5 Mb(H64V,V68A,HI3C) 905 45% 90 (27) 540 27% 90 (22) 125 6% 88 (29)
6 Mb(H64V,V68A,HI3Y) 910 45% 90 (26) 475 24% 90 (31) 110 5% 93 (42)
7 Mb(H64V,V68A,H93S) 490 25% 90 (19) 270 13% 89 (18) 40 2% 86 (14)
8 Mb(H64V,V68A,HI3D) 1930 96% 95 (75) 1400  70% 94 (68) 1590  79% 99 (92)

8 Reaction Conditions: 0.01 M styrene, 0.02 M EDA, 5 pM Mb catalyst, 0 potassium phosphate buffer (pH 7)
containing 5% ethanol, room temperature.

) As determined by GC using calibration curves wthlated3.

[l Fortrans-(1S,29) stereoisomer as determined by chiral GC.

[ Djastereomeric and enantiomeric ratios may be atienated due to low product formation in these tieas.

Mb(H64V,V68A) was previously shown to catalyze tyelization of sulfonylazides to

give the corresponding sultarha reaction involving a nitrene C@p-H insertion via a heme-

10




nitrenoid intermediaté®!°To test the effect of the mutations on the nitreaasfer reactivity of
this protein, a model C—H amination reaction wit,8-triisopropyl-benzenesulfonyl azid® (
was usedTable 2). Under anaerobic and reducing conditions, Mb(H&B8A) catalyzes the
conversion of} into the sultan®d with 32% yield (GC) and 635 catalytic turnovefalle 2,

Entry 1). Interestingly, all of the proximal ligardriants proved to be functional and efficient
nitrene transferases, supporting between 290 addusbovers Table 2). This catalytic activity
compares well with that of synthetic organometathtalysts previously reported for this
transformation (50-100 TONY.Furthermore, the ncAA-containing variants
Mb(H64V,V68A,HI93(3PylA)) and Mb(H64V,V68A,HI3pAMMs well as
Mb(H64V,V68A,HI93D) were found to exhibit comparaleificiency as nitrene transferases as
the histidine-ligated Mb(H64V,V68A) (635-650 vs. 580N, Table 2), thus indicating a
significantly broader tolerance of this non-natieactivity to alteration of the heme coordinating
residue compared to the carbene transferase rdagliable 1). In contrast to the results
obtained with the cyclopropanation reactidialfle 1), a significant reduction in C—H

amination activity was observed for all the Mb aats in the aerobic reactions, with
Mb(H64V,V68A,HI93pAmF) being the most efficient batalyst under these conditions. No C—
H amination activity was observed instead in theealoe of reductant with all the variants,
indicating that, unlike for Mb(H64V,V68A,H93D) ifé presence of the diazo reagent, the
catalytically active ferrous form of these proteimsot produced in the presence of the azide
reagent. Altogether, the results further highligig differential impact of proximal ligand

substitutions on Mb reactivity in the context o ttvo group transfer reactions.
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Table 2.Catalytic activity of proximal ligand-substituteddwariants for C-H amination with

2,4.6 triisopropylbenzenesulfonyl azie.

O\\S,N3 Mb Catalyst 2.0
0.05 mol% S
KPi (pH 7.0), NH
R.T.
4 5
Reaction Conditions: Anaerobic + Reductant Aerobic + Reductant
Entry | Catalyst TON Conv. " TON Conv. "
1 Mb(H64V,V68A) 635 32% 76 4%
2 Mb(H64V,V68A,HI3(3PyA)) 650 33% 70 3%
3 Mb(H64V,V68A,HI3pAMF) 640 32% 95 5%
4 Mb(H64V,V68A,HI3(3ThA)) 535 27% 72 4%
5 Mb(H64V,V68A,HI3C) 290 14% 48 2%
6 Mb(H64V,V68A,HI3Y) 475 24% 44 2%
7 Mb(H64V,V68A,HI3S) 405 20% 24 1%
8 Mb(H64V,V68A,HI3D) 635 32% 15 1%

8] Reaction conditions: 0.01 M triisopropylbenzenesulfonyl azide, 5 uM KHtalyst, 50 mM phosphate buffer (pH
7) containing 2.5% ethanol, room temperature.
) As determined by GC calibration curves using isulat

In summary, this work demonstrates how modifiaattbthe heme cofactor environment

through substitution of the proximal axi

carbene and nitrene transfer reactivity

al ligarehdbe exploited to alter and modulate the

of myogidiased catalysts. Extending upon our
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previous finding$>?®these results highlight the robustness and funatiplasticity of the
myoglobin scaffold toward tolerating structuraleadttions of the heme cofactor environment for
tuning such non-native reactivities. Most notalhg present strategy proved effective for
obtaining a Mb catalyst, Mb(H64V,V68A,H93D), thatdapable of promoting efficient and
stereoselective olefin cyclopropanation under ndunceng conditions. This reactivity, which was
uniquely imparted by replacement of the proximatilline ligand with an aspartate residue,
results for the enhanced ability of this Mb varitmtindergo conversion to the catalytically
active, ferrous form directly upon reaction witte ttiazo substrate. Finally, the functionality of
the ncAA-containing Mb variants as carbene aneénértransferases demonstrate the utility of
p-aminophenylalaningpmF), 3-(3’-pyridyl)-alanine (3PyA), anf-(3-thienyl)-alanine (3ThA)
for re-engineering the first coordination spherg¢htd metalloprotein. Although these Mb
variants did not outperform those generated byiprakligand substitutions via proteinogenic
amino acids in the context of the present reactithese findings provide support to the
feasibility of exploiting these pyridine-, thiophenand aniline-based unnatural amino acids for
myoglobin engineering, and more broadly, for thgieeering of metalloenzymes and

metalloproteins.

Materials and Methods

General Information

All chemicals and reagents were purchased from centiad suppliers and used without any

further purification unless otherwise stated. EDAswpurchased from Sigma-Aldrich as 87%

13



m/v solution in dichloromethane. The unnatural aoacids were purchased from Chem-Impex.

LC-MS grade trypsin was purchased from Pierce.
Cloning and Mutagenesis

The cloning of a pET22-based vector for the expoassf Mb variant Mb(H64V,V68A) was
described previousl¥/In this vector, the protein gene is under a IPfiutible T7 promoter.
Additional mutations were incorporated into the MB4V,V68A) template using SOE PCR and
the primers listed in Table S2. The preparatioa pEVOL-based plasmiifor the expression

of an engineerell. jannaschii tyrosyl-tRNA synthetase (TyrRS) and cognate ansppressor
tRNA (MjtRNAcua"™") for the genetic incorporation of pAmF was desedilpreviously” Using

a similar procedure, a second pEVOL-based plasraglprepared for encoding for a
polyspecific AARS derived froriMethanosar cina barkeri pyrrolysyl-tRNA synthetase and the
cognate amber suppressor tRNERNAcua™) for the genetic incorporation of 3-
pyridylalanine and 3-thienylalaniri& This gene was prepared by introducing the mutation
L270I, Y271F, L274G, C313F, and Y349F into MbPyIRS gene via site-directed mutagenesis
and the resulting gene was re-introduced into E@L vector using th&gl II/Sal | cassette. In
these vectors, the AARS gene is under an arabinadseible araBAD promoters and the tRNA

is under a constitutive (proK) promoter.
Growth media

Cell cultures were grown in enriched M9 medium, abhivas prepared as follows. For 1 L, 740
mL of deionized HO was added with 200 mL of M9 salts (5%) solutis@®,mL of 10% (w/v)
yeast extract, 10 mL of glycerol, 1 mL of Mgs@ M), and 10QuL of CaCk (1 M). The M9

salt (5x) solution was prepared by dissolving 3#f jaaHPOy, 15 g of IkHPOy, 2.5 g of NaCl,

14



5 g of NH,Cl in 1 L of deionized KO and sterilized by autoclaving. The glycerol angS
solutions were autoclaved separately. The gatokk solution was sterilized by filtration.
Enriched M9 agar plates were prepared by adding df7agar to 1 L of enriched M9 media
containing all of the aforementioned componentbaispecified concentrations with the
exception of CaG| which was added immediately prior to plating.fiedia and plates was
added ampicillin to a final concentration of 100/mgnd chloramphenicol was added to a final

concentration of 34 mg/L.
Protein expression

The Mb variants containing all natural amino as@se expressed from pET22-based vectors in
E. coli BL21(DE3) as described previousifhe ncAA-containing Mb variants were expressed
from E. coli BL21(DE3) cells co-transformed with the pET22-lwthgector encoding for
Mb(H64V,V68A,HI93(TAG)) and the appropriate pEVOLdea vector for the expression of
pAMF-RS (pAmF) or PylHRS (3PyA and 3ThA). Afteregtion on M9 agar plates containing
ampicillin (100 mg [*) and chloramphenicol (34 mg), single colonies of the transformed
cells were used to inoculate 5 mL overnight cuuweenriched M9 medium (37°C, 200 rpm, 12
hours). The overnight cultures were used to indeuld of enriched M9 medium. When @p
reached 0.4 — 0.6, cell cultures were condensextblyifugation (4,000 rpm, 4°C, 20 min)
followed by resuspension of the cell pellet in 200 of fresh enriched M9 medium. Arabinose,
d-aminolevulinic acid, and the desired amino acidengedded to the expression media at final
concentrations of 4 mM, 0.3 mM, and 5 mM respedtyitalowed by incubation for 30 minutes
with shaking (27°C, 200 rpm) after which proteimpeession was induced with 0.5 mM IPTG.
Following induction, cultures were shaken at 200 gnd 27°C and harvested after 20 hours by

centrifugation (4000 rpm, 4°C, 20 minutes). Cellgis were resuspended in 20 mL of Ni-NTA
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Lysis Buffer (50 mM KPi, 250 mM NaCl, 10 mM histid, pH 8.0) and protein extraction and

purification were performed immediately.
Protein Purification and Characterization

Cell suspensions were lysed by sonication andfigdrby centrifugation (14,000 rpm, 20 min,
4°C). The clarified lysate was transferred to a\NIiA column equilibrated with Ni-NTA Lysis
Buffer (50 mM KPi, 250 mM NaCl, 10 mM histidine, pg#0). The resin was washed with 50
mL of Ni-NTA Lysis Buffer followed by 50 mL of Ni-NA Wash Buffer (50 mM KPi, 250 mM
NaCl, 20 mM histidine, pH 8.0). Proteins were efiigth Ni-NTA Elution Buffer (50 mM KPi,
250 mM NacCl, 250 mM histidine, pH 7.0). After elutifrom the Ni-NTA column, the protein
was buffer exchanged against 50 mM KPi buffer (pB) dsing 10 kDa Centricon filters. The
concentration of the Mb variants was determinedaisixtinction coefficients as determined
using the hemochrome as¥agTable S3). UV-vis absorbance spectra were reconding a
protein solution at 2 - M in 50 mM KPi (pH 7.0). For LC-MS analyses, thedeccontaining
amino acids were digested with trypsin in 50 plLctiems containing 2.5 pg trypsin, 10 mM
CaCb, and 60 — 70 pg of myoglobin in 50 mM MHCO; (pH 8.0). Digestion reactions
incubated at 37 °C without shaking for 12 — 15 ksaamd were cleaned up using the C18 ZipTip
protocol. Digested samples were given to the URM&S8MSpectrometry Resource Facility for

LC-MS/MS analysis.
Cyclopropanation and C—H Amination Reactions

The cyclopropanation reactions with styrene and EDA the C—H amination reactions with
2,4,6-triisopropyl-benzenesulfonyl azide were @trout as described previousfy/.Briefly,

cyclopropanation reactions under anaerobic/reducomglitions were carried out at a 400 pL
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scale using 5 M myoglobin catalyst, 10 mM styré&ttemmM EDA, and 10 mM dithionite in 50
mM KPi (pH 7.0). For analysis of C—H amination &, reactions were typically carried out
at a 400 pL scale using 5 uM myoglobin catalystyi\ 2,4,6 triisopropylbenzenesulfonyl
azide, and 10 mM dithionite in 50 mM KPi (pH 7.0nder anaerobic conditions, reactions
performed in an anaerobic chamber and were stiorets hours at room temperature and
aerobic reactions were performed in vessels opémetatmosphere. The reactions under non-
reducing conditions were performed in a similar merwithout the addition of sodium

dithionite.
Product Analysis

The products of the cyclopropanation and C—H anonateactions were analyzed by chiral GC
and HPLC, respectively, using synthetically prefddracemic) standards 8t and5'’ as
references. The cyclopropanation reactions werlyzg by adding 2@L of internal standard
(benzodioxole, 50 mM in ethanol) to the reactioxtonie followed by extraction with 406L of
dichloromethane and analysis by gas chromatogrépfy. GC analyses were carried out using
a Shimadzu GC-2010 gas chromatograph equippedawitfiD detector and a Chiral Cyclosil-B
column (30 m x 0.25 mm x 0.28n film). Separation method: L injection, injector temp: 200
°C, detector temp: 300 °C. Gradient: column tenpeesset at 120 °C for 3 min, then to 150 °C
at 0.8 °C/min, then to 245 °C at 25 °C/min. Total time was 46.30 min. For the reactions with
2,4,6 triisopropylbenzenesulfonyl azide, the DCNrastion solution was evaporated, and the
residue was redissolved in 400 of methanol followed by HPLC analysis using arSadzu
LC-2010A instrument equipped with a UV-vis detec#amalytical conditions: Thermo Fisher
Scientific Hypersil GOLD C18 column (250 x 4.6 mro)y detection: 254 nm; flow rate: 1.0

mL/ min: solvent A: 1% trifluoroacetic acid in,®; solvent B: 1% trifluoroacetic acid in
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acetonitrile; gradient:-8 min: 30% B; 3—21 min: 30% B to 90% B; 21-24 min: 90% B,;
24-24.5 min: 90% B to 30% B; 24.5-30 min: 30% BtdRéon times: 17.35 min fdy; and
24.54 min for4. Calibration curves for quantification of each prodwere constructed using
authentic standards prepared synthetically. Allsneaments were performed at least in

duplicate.

Analysis of thermostability

Circular dichroism (CD) spectroscopy and thermaladeration analysis were performed using a
JASCO J-1100 CD spectrophotometer equipped witlaiar temperature/wavelength
denaturation software. Far UV CD spectra (250-18)were obtained usingigV solutions of
purified Mb variant in 50 mM potassium phosphaté&dxu(pH 7.0) and recorded at 20 °C at a
scan rate of 50 nm/min with a bandwidth of 1 nm andveraging time of 10 s per
measurement. Thermal denaturation curves were meghby monitoring the change in molar
ellipticity at 222 nm §,,,) over a temperature range from 20 to 100 °C. €hgpkrature increase
was set to 0.5 °C per minute with an equilibratiome of 10 s. Data integration time for the melt
curve was set to 4 s with a bandwidth of 1 nm. ameaselines for the foldeéY and unfolded
state @,) were generated. Melting temperaturg)(Was determined using the low temperature
(6 = mT + bx ) and high temperaturé(= m,T + k) equations fitted to the experimental data
before and after global unfolding, respectivelye3é data were normalized and converted to
fraction of folded protein (frvs. temperature plots, and the resulting curve fiveed to a
sigmoidal equationd(;) via nonlinear regression analysis in SigmaPlotifwhich apparent

melting temperatures were derived. See Figure 8dditional data.
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