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ABSTRACT

Heme proteins, in particular cytochromes P450, have been extensively used in biocatalytic
applications due to their high degree of regicheme, and stereoselectivity in oxetransfer
reactions. In 2013, it was shown for the first tithat engineered heme proteins can also catalyze
analogous carbeneand nitrendransfer reactions. Research in this field has since grown
dramatically, with emphasis on developing new heme protein variants to increase the scope of
biotransformations accebke through these new transfer reactions. This thesis details the expansion
of these newio-nature carbene and nitretransfer reactions to include new substrate classes
previously unexplored with ireporphyrinproteins, the use of ndmeme metalloprotes for these
transformations, and steps toward improving the robustness of théomature biocatalytic
platform. Chapter 1 introduces the steps the field of biocatalysis has taken toward engineering
enzymes with new catalytic functions and the probgsshich these activities are discovered and
enhanced. Chapter 2 details the discovery and engineering of heme proteins which catalyze the
stereodivergent cyclopropanation of unactivated and eled#ficient alkenes via carbene transfer,
expanding the distrate classes beyond styrenyl alkenes. Chapter 3 shows the development of
engineered variants of a heme proté&i@dothermus marinustric oxide dioxygenase) for the
diastereodivergent synthesis of cyclopropanes functionalized with a pinacolboratye emaibling
product diversification through standard crossipling reactions. In Chapter 4, a collection of-non
heme metalloproteins is curated, and a-heme iron enzymePceudomonas savastarathylene

forming enzyme) is shown to be both amenable itecttd evolution and nemative ligand
substitution to enhance its nitretransfer activity. Chapter 5 describes the expansion of sequence
space targeted for screening in the seligged cytochrome P411 froBacillus megaterium
(P41%wm3) biocatalyticplatform to enhance the mutational robustness of these remarkable enzymes.
Overall, this work provides a framework for bringing model #iesmature reactions to their full

potential in synthetic biocatalytic reactions.
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Abstract
Enzymes are used in biocatalytic processes for the efficient and sustainable production of
pharmaceuticals, fragnees, fine chemicals, and other products. Most bioprocesses exploit
chemistry found in nature, but wevenow enteeda realm of biocatalysis that goes well
beyondnatural reactionsEnzymes have been engineered to catalyze reactions previously
only accesible with synthetic catalysts. Because they can be tuned by directed evolution,
many of these new biocatalysts have been shown to perform abiological reactions with high
activity and selectivity. This chapterdiscuses examples which showcase catalyst
improvements achieved using directed evolution, and conameoih current and future

implications of nomatural enzyme evolution for sustainable chemical synthesis.



l.1Introducti on

Chemical synthesis is integral to modern life: from laberBosch process used to fix
nitrogen for fertilizer and feed the Earthoés g
to life-saving medicines, we are surrounded by the products of chemical transformations.

Many synthetic routes, especially thdsemore complex molecules, are far from ideal: poor

atom economy, harsh reaction conditions, and multiple steps that require purification of
intermediates all lead to lower yield and increased waste. Rare metal catalysts are
increasingly costly to obtajrand their mining and refinement has significant and negative
environmental impactsThe recovery or removal of toxic catalysts from the products can

also be a challenge. Thus both economic and environmental factors favor chemistry that is

i nher eeend®®RPi sigussi ons of fAgreend chemistry oft
enzymes stand out for their ability to selectively convert inexpensive starting materials into

complex molecules under mild aqueous conditions. Enzymes have been used for organic

synthesis for well over a centufy-However, a biocatalytic process was not possible if the

desired enzyme could not be found in nature and made available at low cost. This has

changed with the development of recombinant protein production technology, hasich

delivered many biocatalysts at low cost. Furthermore, enzymes have been engineered, at the

level of their amino acid sequences, for improved performance under process conditions. The

growing need for sustainable synthetic methods, coupled with advancenzyme

engineering and related process technologies, have helped drive adoption of biocatalytic

processes in the pharmaceutical and chemical induzfries.

A key innovation that underlies growing interest in biocatalysis is diremtetltion, a

protein engineering method that mimics Darwinian evolution, using iterations of genetic
variation and screening in order to accumulate perforranicancing mutations-igurel-

1). Researchers have used directed evolution to increase enzyme performance under reaction
conditions, including higher temperatures, high acidity or basicity, and high concentrations
of organic solvents. The rangessoibstrates that enzymes accept have been expanded, and
product selectivity has been altered and optimizedther than having to design a process

to fit an enzymedbds requirements, directed evol
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optimal manéacturing condition$.A beautiful example of this ability to tailor a biocatalyst

to fit the process i s Mercko0s engntheer ed
production of the antidiabetic drug sitagliptin. Through directed evolution, a trarasam

was engineered for neperfect enantioselectivity and high yields in 50% DMSO, 20¢ g L
starting material, and elevated temperatér&eplacing the precious metal catalyst
previously used for muHion-scale synthesis with the engineered enzynaendtically

reduced solvent waste and increased process Malaly other industrial syntheses make use

of engineered enzymes with enhanced stability, activity, and seleéfivity.
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Figure 1. Directed evolutiorworkflow. Variants of the gene of interest are generated and the
corresponding protein variants are expressed in (typically bacterial) cells. The proteins are screened
for the desired activity. Proteins with enhanced activity are used as the parenséoyusutt rounds

until a variant with sufficient activity is found, at which point the directed evolution cycle is exited.
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An exciting development isngineeringhat goeswell beyondenhancingnative enzyme
activities or broadening the substrates accemadymeshave been engineered for new
chemical transformationsot knownin the biological world, andew catalytic @pabilities
haveeven benengineered into proteirtsatdo not have ry nativecatalytic activity. These
advancesnake it possible to takkbe concept of engineering a protein to fit a process to the
next level,where biochemical syntheses are no longer limited to reaction classes known in
nature but can expand to include whole new transformations and entirely new classes of
products.In this Chapter | discusssome of thenonnatural activitiesthat have been
engineered into proteins, tkasewith which suchactivities have been enhanced by directed

evolution and the current and future implicationssothnon-naturalenzymedor green

chemistry.
1 .Nommatur al acecadickcebsemr di verse starti.:
points

Directed evolutiorof a nonnatural activityrequires a starting poini it can enhance an
existing activity but cannot create it entirely from scratéig(re 12). Although enzymes
are often thought tocatalyzereactiors with great selectivitymany enzymes are in fact
catalyticallypromiscwusi that is, they arable tocatalyze reactionsther thartheir native
biologically relevant reactiorfst*° It has been recognized for some time thzse
promiscuous activitieare goodstarting points for directed evolutidhin the initial report
of enzymatic cyclopropanatiofgr examplemany of the hme proteins testedincluding
wild-type proteinsand previously engineeragytochromeP450 variant§ catalyzednon
natural styrene cyclopropanatiam some (low) level” Different protein scaffoldscould
serveas starting points for directed evolutismhas beembserved for othereactions® 2°
and in a broader survey of P450s from natli8tarting points are natvenlimited to
enzymeshemebinding proteins witmo native enzymatic functions aleghibitnon-natural
catalytic activitiesthat couldbe improved by directegvolution Fasan and coworkers
showed thasperm whale myoglobin, an oxygbmding heme protein, could be engineered
to catalyze the cyclopropanation of styrene stereoselectively with 4®,806ves,'®

whereadiocatalyticcarbonsilicon bond formatiorwas demonstrated witdin engineered



cytochromec.?? In each casegngineeringactive and selective biocatalysexjuiredjust a
few rounds of directed evolutioithere is no evidence that these matural biocatigsts
have reached their full potential eith&srther evolutioncould continue toncrease these

activities for whichthe upper limis are unknown.

An initial activity can sometimes b#&und by screening wilelype and/or engineered
proteins Anotherappoachis toinstallanartificial cofactof?to generatactivity that can be
improved bydirected evolutioft® 2’ albeit with low throughputAlthoughdirected evolution

with in vitro assembly o&nartificial metalloenzyme imore workthanwith fully genetically
encoded catalysts, the evolution of an artificial metalloenzyme as shown by Hartwig and
coworker$® is testament tdhe efficiency and reliability ofthis catalyst improvement

method.

Strategies to identify initial Directed evolution of
non-natural enzyme activity non-natural enzymes

Repurpose existing proteins.
Identified
non-natural
activity

( Introduce artificial cofactors. h /—;\‘ Mutagenesis
R t&
Example: Cyclopropanation with Ir-PIX-P450. epea % l
KA

Example: Cyclopropanation with myoglobin.

Drawback: Limited to functions identified in existing
proteins.

refine

Drawback: Catalyst is not fully genetically encoded,
requires additional synthetic and purification steps. R Screen for
\_ Y, activity

Computationally design enzymes. l
s
Non-natural
! Enzyme
e

Figure 12. Discovery ofstarting points and engineering for apatural enzymatic function. Left:
Different drategies for finding initial enzymatic activity. Right: proteins with initial activity are
engineered througln iterative process ofmutagenesis and screening (direcedlution) to
accumulate mutatiorthat enhancéhe nonnatural functon.

Example: Aldol reaction with artificial aldolase
bearing an active-site lysine.

Drawback: Limited to simple catalytic systems.
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For some modeteactionspne can everationally desigra protein withinitial norn-natural
enzymatic activity’® A recent example of pairing a rationally designed starting poit wi
directed evolution comes frorhe Baker and Hilvert labsvhodesigned an active site into a
naural TIM-barrel protein to give it trace activity for retroaldtéavage® The Hilvert lab

then usedhightthroughput directed evolutiowith detection of e fluorescent produdo

obtain an enzyme with reaction kinetic®mparable tonative aldolase®3' The
computational design of namatural enzymes is currently limited to relatively simple
reactions. Should rational design extend to more difficult esgecially to cofacter
dependent modes of catalysis, this approach could provide valuable new starting points for

future biocatalysts.

The ease withwhich the non-natural activitiesvere improved is a common theme across

these new biocatalystdust a fewrounds of directed evolutiofeach taking 14 weeks)

increased the activitiesnd/or selectivitiesvell beyond the starting catalysts and etten

activities oftheir smalimolecule catalyst analog$Given measurable starting activity and
efficient analytical met hods (e. g. spectrosco
catalytic activitycan be improved with no additional knowledge of the catalgstchanism

or structure beyontthe DNAsequace encoding the proteifhis engineering of nenatural

activity proceeds using the same methods waitl the sameefficacy as the directed

evolution of native activitiedn fact, given that nature never optimized these proteins for

such nomatural cadlytic activities, there is plenty of room for improvement and activating

mutations are relatively easy to find.

1 . BBhgineering enma@gmesefohemeswstry
Many of the conceptsnderlyingcreaton of non-natural enzyras such agxploiting natural
catalytic promiscuity**533chemomimetic biocatalysié;**computational enzyme desiéh,

or introduction of artificial cofactot& have been part of tHeocatalysiscommunity for a
decade or more. These approaches have enabled researchersfyo(uceraily low levels
of) enzymatic activity for numerous neernature chemical transformations. What has

radically advanced the field in recent years is the combination of the discovery of new



enzymatic activities with directed evolution to enhance ame those activities and

selectivitiest®:36:37

Multiple important modes of catalysis have been implementegratein scaffolds by
exploitingthe reactivities of both canoniéaf®3°and norcanonical amino acid$,as well
asnaturaf® andartificial??*! cofactors Hydrolases have begrarticularly popular enzymes
to explore for new chemistigue totheir availability and the versatility of their hydrogen
bonding activation modes and atsdnsfer activity’® More than 20 years ago, visionary
contribdions showed thathe acylenzyme intermediate can be trapped with various
nucleophiles such as amirféSubsequent optimization of the acyl donoriiayed thisnon
natural activity® and enabled chiral synthesis of various amines on a-tonoltscale
Similarly, hydrogen bonding in a halohydrin dehalogenase was harnessed for selective
epoxide opening with cyanide. Directed evolution of a weakly aeine-type enzyme
yielded a bioatalyst that was stable and highly efficient under process conditions

Various activation modes from organocatafifsisve been explored in protsiif-3%47%0
Inspired by aminocatalysis, actigée proline and lysine residues were recently exploited
for biocatalytic @C bond formationsMichael(type) additiong/*° adol reactions? and
Knoevenagel condensation reacti6hén an outstandingeport Hilvert and coworkers
demonstratethatdirected evolutiortanconvert proofof-concept low level divity into an
impressive biocataly$f.An artificial aldolase (class | asthse mimic) performing enamine
catalyzed aldol reactions via an actsite lysine was evolved to perform aldol reactions with
high yields, high enantioselectivities, and up tgb28 total turnovers under preparative
scale conditiongFigure 13a). In another example, the protonation machinery of a squalene
hopene cyclaseashanessed for Brgnsted aetdtalyzed activation of carbonyls, epoxides,
and alkenes at neutral pH in wafeigure 13b). Several valuable cyclohexanolisve been
synthesized with very high stereoselectivity, and asgitee engineering improved the
activity and selectivity of the biocataly§wrther enzyme engineering might provideroad

biocatalytic platform for Bransted acid catalySis
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Hyster and coworkers shone a whole new light on-mainral biocatalysis by using
photoexcitation of nicotinamiddependent enzymes in enasglective radical
dehalogenations of halolactone@Figure 13c).>* The nicotinamide cofactor of
ketoreductasesyhose native function isarbonylreducton, was utilized as photoreductant

and hydrogen source. Cofactor photoexcitation leads to electron transfer to the substrate
which forms a prochiral radical intermediatgpon dehalogenation. Thatermediate
generates a chiral lactone upon hydregtam transfer from the photoexcited cofactor.
Accessing radical intermediates via photoredox processes withievalvable protein
scaffold provide a new level otontrol over challenging radicatediated reactia as has
been shown i n n ekomiedoxicatalystisystenes don cytlizatornd

hydrogenatio?f reactions

Newto-nature biocatalysis involving transition metaés flourished in the yeafsllowing

the seminal contribution of Coellet al,!” who demonstragd that aheme protein can be
engineered to generate and selectively transfer a reactive carbene intermedialifitotan
make cyclopropanegfficient carbenetransferenzymesave been evolved in the laboratory
with astonishingea®.>? Since 2013, the scope of noatural reactions of heme proteins has
expanded dramatically tocludean array of carber@nd nitrendransfer reactionsuch as
aldehydeolefination, DoyleKirmse reaction, olefin aziridination, and B aminatior?
Further work has demonstratéioht enzymecatalyzed carbenrgansfer reactions are not
limited to a-diazoester carbene precursdfsisan and coworkers described synthesis of
triluoromethytsubstituted cyclopropanes by selectively transferring trifluoroyfesttbene

to olefins®and the Arnol d gr ou p-trifluaonethyl@qguainzoed t he
compounds in biocatalytic organobor2i®é and fluoroalkan® syntheses. Biocatalytic
carbendransfer chemistry has been applied in the synthesis of sewepalrtant
cyclopropane drug precursors, including ticagrefigre 23d),'°*8levomilnaciprar?® and
grazoprevif® In addition to cyclopropanation, engineered cytochromes P411 have been
shown to perform truly remarkable cyclopropenation and bicyclobutanatimtiones®t

these highly strained carbocycles were first reported to be accessible from a wide range of
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terminal alkynes and, with further protein engineering, Bddlvariants could also

cyclopropenate internal alkyn&Direct alkylation ofsp® Ci H bondsis limited primarily to
methylation in nature, and biocatalytic approaches have required the use of enzymes binding
noblemetatsubstituted porphyring. Arnold and coworkers reported an ifgparphyrin

protein that is up for the challenge: through 13 dsuof directed evolution, a P4hk

variant was improved from a starting point of just 13 TTN forsiiieCi H alkylation ofp-
methoxybenzyl methyl ether to a biocatalyst capableidf €inctionalization of a broad
scope of benzgmno@Hboads™ yl i c, and U

The first enzymecatalyzed carbarsilicon bond formation was realized using a heme protein
for carbene insertion into iS# bonds?® Achieved by directed evolution of a cytochrome

an electrortransfer protein with no natural enzymatic activityis novel reactivity could be
the first step toward biological production of organosilicon compounds. Nitransfer
chemistry has also enjoyed significant success: Bti& reported the first example of
enzymatic intermoleculari® amination, wheh they accomplished using an engineered
cytochrome P456 Efficient and highly enantioselective intermolecular amination &f sp
hybridized GH bonds has long been a challenge in catalysis. Using directed evolution, a
biocatalyst for theamination of benzylic CH bonds could be engineered to catalyze up to
1,300 turnovers with excellent enantioselectivities (>@@4Figure 13e). The potein
framework tuned the eardtbundant iron to catalyze this reaction, which contrasts with the

CiH functionalization fieldés heavy-toreliance

natureo reactions had not b e efthisfemord, Naturei n nat ur

was already using nitrene chemistry: shortly after this nittemsfer reaction was reported,
researchers studying the benzastatin biosynthesis pathway determined that a cytochrome

P450, BezE, formed an aziridine via an watrendd intermediaté®

Contributiondrom Hartwig, Clark, and coworkers have further merged transmietal and
enzyme catalysisby replacing nativeiron-porphyrin cofactos with a synthetic iridium
porphyrinto accesgarbene and nitrendgransfer activies. Directedevolution ofiridium-

substituted myoglobiandP450 yielded enzymes with impressive catalytic performance for

(

~

C
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nonnaturalreactions, such as intrand intermolecular carbene insertion intoHCbonds

(Figure 13f),2>24 highly chemoselective, intramoleculari i€ bond aminatiof® and
cyclopropanation of variougiternal vinylarenes and unactivated alkeffekewis and
coworkerstook a different approach to obtaining raatural reactivities byovalently
linking an alkynesubstituted dirhodium catalyst with a protein scaffold containing a
genetically encoded azidophenylalanine. Nlatesimproved enantiosel&eity and reduced

side reactions in the cyclopropanation of styrenes using -@moeptor carbene precurséfs
These artificial metalloenzyme systems provide access to activities not yet reported in
genetically encoded biocatalysts. But there are drawgbicthis approach. The artificial
cofactor must be synthesized separately, anthtiiro catalyst assembly initially required
protein purification, lowering the throughput of protein engineering and raising the cost of
the prepared biocatalyst. Fasamd Brustad have shown methodsiforivo incorporation

of nonnative metalloporphryins into heme proteins, improving themadaral biocatalyst
preparation in ways that could be translated to other processes requiring cofactor
substitution$®’The Wad group solved the issue of letwoughput biocatalyst preparation
throughin vivoassembly of an artificial, ruthenidbrased olefin metathesis biocatalyigtis
artificial metalloenzyme, containing a biotinylated Hovegtabbs secondeneration
catalyst was assembled in the cell 6s periplasm,
inhibitors is reduceff The ability to assemble this artificial metalloenzymeivo enabled

the use ofdirected evolutiorto improve its activity fFigure 13g). In a complementary
approach, the Lewis group developed and optimized athighighput screen of a dirhodium
catalyst bioconjugated to a protein scaffold in hesgtted cell lysate, enabling combinatorial

and random mutagenesis approadfies.

1 E4ngi nereateadi mpps of f er exqgqmuatsurtel coattaloyt

functions
Not only can these novel, engineeratzygmes catalyze reactions thateviously only
synthetic catalystscould perform, they can evenoutcompete their smatholecule

counterpartsn terms ofefficiency and selectivitypecause they can be tuned by directed
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evolution. Neaiperfect stereoselectivities have been reported withnatural biocatalysis,

such as in the enantiodivergent cyclopropanation of unactivated alkéme® (£4a)2° The
macromolecular protein structure further enables outstanding control over product selectivity
thatis very difficult to attainwith other catalysts. This is demonstrated by the ahgilhg
catalystcontrolled, regidivergentCi H aminationachieved using heme proteirisgure

4b) ° andthe remarkable controff carbene insertion in an Si H bond rather thaan N' H

bond in the same substrgfégure 4c).2° The protein matrix can also dramaticatlyange

the reactivityof a metal catalyst,with profound consequences featalyticfunction/ As

shown in enzymatic nitrereansfer reaction® less reactive, earthbundant iron can be
activatedwithin a heme protein to outperform catalytststrely on precious metal§igure

1-3). In this context, substituting iron in natural metalloprotewts noble metalsuch as
irdium?¥26.72js an excitingstrategy to access new chemical space in biolbgyis not
required in all cases; further reports have shown that engineered enzymes binding iron
porphyrin can catalyze challenging néwnature raction$®” previously only reported

with noblemetal substituted porphyrii§ Enzymes control substrate conformations with
remarkable precision and offer multiple secondary interaction sites to stabilize and guide
high-energy intermediates during comypleatalytic capabilities’*” We expectthat this

control can be used to enable whole new catalytic capabilities.
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Figure 14. Examples of selective syntheses catalyzed by -nadaral enzymes. af
Enantiodivergentyclopropanation of unactivated alkends). Engineered P450s for challenging
catalystcontrolled, regiodivergenti® amination. ¢) Wild-type and engineered cytochromfor
catalystcontrolled chemoselective carbenétbinsertion over NH insertion.

1.Concl usions

Whether the starting point is a natural enzyntgsagned enzyme aotein without a native
catalytic function, or @roteinboundartificial cofactor, directed evolution has bedrown

to improve activity and selectivitgf nonnatural catiytic function. Because we are just
beginning to explore new functional spaces for biocatalysis, we do not yet know what starting
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points will lead to the most efficient enzymes, or even whether all poor enzymes can become

good ones. What is certain, howewvis that the field has entered a vast goldmine of new
biocatalytic possibilities, and that chemical creativity will play a major role in future
discovery and exploitation of these remarkable biological resources. Furthermore, advances
in directed evolutn methods will continue to improve the easemfineeringhese new
capabilities. We expedhat this new era of nonatural biocatalysis will highlight the
capabilities of enzymes to activate eaathundant metals and catalyze nA@wature
transformatons under mild conditions. Biocatalysis will offer competitive, sustainable routes

to making the molecules and materials we need.
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Chapter2

DIVERSE ENGINEERED HEME PROTEINS ENABLE
STEREODIVERGENT CYCODPROPANATION OF UNAQIVATED
AND ELECTRON-DEFICIENT ALKENES

Content in this chapter is adapted from published work:
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Engineered Heme Proteins Enable StereodivergentCyclopropanation ofUnactivated
Alkenes ACS Cent. Sck018 4, 372 377.
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developed analytical methods to determine enantioselectivity, and wrote the manuscript with
input from all authors. AM.K. generated the crystallography constructs, purified, and carried
out crystallography experiments. A.M.K. collected data for and refined the tagless RmaNOD
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Abstract
Developing catalysts thaglectivelyproduce each stesisomer of a desired product is a
longstanding synthetic challenge. Biochemists have addressed this challenge by screening
natureds diversity to discover enzymes that
stereoisomersl show here that the same approaem be applied to a netw-nature
enzymatic reactianalkene cyclopropanation via carbene transfer. By screening diverse
native and engineered heme proteins, we identified globins and-kgaieel P411 variants
of cytochromes P450 with promiscuous atfivor cyclopropanation of unactivated alkene
substrated. then enhanced their activities and stereoselectivities by directed evolution: just
1i 3 rounds of sitesaturation mutagenesis and screening generated enzymes that transform
unactivated alkenes arglectrondeficient alkenes into each of the four stereoisomeric
cyclopropanes with up to 5,400 total turnovers and 98% enantiomeric excess. These fully
genetically encoded biocatalysts function in wHegeherichia coli(E. coli) cells in mild,
agueous conditions and provide the first example of enantioselective, intermolecular iron
catalyzed cyclopropanation of unactivated alkehakso describe efforts toward structural
characterization of these variants and expanding cyclopropanation dfvateat and

electrond e f i ci ent a-tidewester sarbbnesy ond U
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2. 1Introducti on
Thebiological world is a marvelous ensemble of chiral molecules. From the amino acid and
nucleoside building blocks that form proteins and DNA to intrinataral products produced
by living organisms, chirality dictates how molecules interact with living systéslern
medicines often draw inspiration from chiral natural prodticBecause alternate
stereoisomers can have very different biological effectsracterization of novel bioactive
compounds during drug candidate screening should include testing each ster€bisomer.
Developing stereodivergent syntheses, where a set of complementary catalysts can generate
every possible stereoisomer of the prodisctherefore useful and is actively sought after in
catalysis> Enzymes are green, sustainable options for stereoselective catalysis, and stereo
compl ementary enzymes can oft éketorbdactateb,und i n n:
and transaminas&shosen using genome minifdpr example, have all afforded products
with different stereoselectivities. We show here that natural protein diversity can be
leveraged in a similar fashion to achieve stereodivergence for a newatwal enzyme
catalyzed reaction cyclopropanation of unactivated alkenes via carbene transfer.
Cyclopropanes are found in a variety of natural products and have been incorporated as
motifs in agrochemical and pharmaceutical compouRdgife 2-5). They are commonly
biosynthesized through intramolecular cyclization of cationic or radical intermediates
catalyzed by terpene cyclases, desaturasesadical Sadenosylmethionindependent
enzymes. The formation of cyclopropane moieties via carbene transfer to alkenes, widely

used in synthetic chemistry, is not known in natfire.
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Figure 25. Cyclopropane&ontaining pharmaceutical and agrochemical compounds.

Previous work fronthis group and others has shown that-ponphyrin (heme) proteins can

be engineered to catalyze the cyclopropanation of styrenyl alkenes with ethyl diazoacetate
(EDA, 1).}114 This newto-nature carbene transfer reaction has bepleakin the synthesis

of key pharmaceutical intermediates such as levomilnaclptaagrelori®’tasimelteort?

and grazoprewvif (Figure 25). Work from several groups has also shown that cytochromes
P450 and myoglobins can be engineered to switch their diasterdfor enantioselectivity
preference toward styrenyl olefin cyclopemationt'-*3%put these precedents did not yield

all possible stereoisomers in high turnover and selectiVaplé 21). In addition, alkene
cyclopropanation by heme proteins with the native iron cofactor has been limited to styrenyl
and other activated alkenes. Unactivated, aliphatic alkenes are attractive feedstocks for

chemical synthesis, but their transformation to higher value chiral prodwttalisnging



2t
due to their inert nature, high degree of conformational flexibility, and limited steric and

electronic bias to guide stereocontfol.

Table 21. Literature precedent for stereocomplementary cyclopropanation of dtgtkeges via
enzymaticcarbene transfer. Reference numbers are given for the main text reference numbers.

Reference Transcyclopropane Cis-cyclopropane
RR SS RS (SR
0, 0 0,
11 Not reported Up to 98% de, 96%  Up to 84% de, Not reported
ee 97% ee
Up to 86% de32% | Up to 98% de, 97% Up to 78% de, Up t042% de,
13
ee ee 99% ee 95% ee
Up to 99.9% de, Up to 99.9% de,
16 95% ee 99.9% ee Not reported Not reported
Up to 99.5% de, Up to 99.9% de,
20 920 ee 99.9% ee Not reported Not reported

Stateof-the art methods for enantioselective unactivated alkene cyclopropanation often rely
on noble metal$! 23 with only a few examples of G and Cubased® catalystyTable 2-

2); no ironbasedcatalyst for the enantioselective intermolecular cyclopropanation of
unactivated alkenes has been reported at the time of thisThwmte is precedent that iron
porphyrin catlysts are capable of unactivated alkene cyclopropanatibeit achirally and

with a nonnatural iron porphyrinTwo decades ago, Woo and coworkers showed that iron
mesetetrakis(pentafluorophenyl)porphyrin chloride (Fe(PFP)CI) can catalyze the reaction
of 2-ethyl1-butene and EDA with 390 TTN; they reported the formation of cyclopropane
products using-tlecene as wetf

Table 22. Stateof-the-art methods for the intermolecular cyclopropanation of unactivated alkenes
prior to ourreport of the stereodivergent cyclopropanation of unactivated alkenes with heme
proteins. Because irecatalyzed asymmetric examples were not known, achiral examples are listed
for iron. Enantioselective reactions are reported for other metals.

Entry | Metal | Enantioselective?| Ref. Note
Catalyst
1 Fe No 1 | Iron porphyrinrcatalyzedachiral Two examples involve(

unactivated alkenes.

Fe(PFP)CI (0.0D.05 mol%)  catalyzed th
cyclopropanation of -2thyl1-butene (100 eq.) with EDA
in 390 TON, d.r. noteported.

PFP =mesetetrakis(pentafluorophenyl)porphyrin




Entry

Metal
Catalyst

Enantioselective?

Ref.

Note

Fe

No

Iron porphyrinrcatalyzed achiral One example involve
unactivated alkenes.

Fe(TPP)CI (3 mol%) catalyzed the cyclopropanatior
allyl benzene within situ generated trifluoromethy
diazomethane (1.5 eq.) in water with 3.3 TON, d.r.
reported.

TPP =5,10,15,2fetrapheny1H,23H-porphine

Fe

No

Iron porphyrircatalyzedachiral One example involve
unactivated alkenes.

This example is similar to entry 2, but a differamtsitu
method was used to generate the trifluorome
diazomethane. No product was detected.

Fe

No

Iron porphyrincatdyzed, achiral Three example
involved unactivated alkenes.

Fe(TPP)CI (10 mol%) catalyzed the cyclopropanatior
aliphatic  alkenes using in  situ generated
difluoromethylcarbene (2 eq.) ii  TONs, 7:1 to 13: 1
d.r. trang.

Rh

Yes

13

All Rh-carboxylate or Ritarboxamidateatalyzed (0.22

mol% Rh) examples of unactivated alke
cyclopropanation reported arans-selective

The most efficient and selective examples are

cyclopropanation of-hexene (72 TTN, >20:1 d.itréns),

96%e.e), and toctene (70 TTN, >20:1 d.rtré&nsg), 90 %
e.e).

Yes

14

Ir-salen (1 mol%) catalyzed the cyclopropanation of
unactivated alkenes with up to 93 TTN, 98:2 dais
major), 99%e.e.

Yes

15

Ir(Me)PPIX in engineered myoglobin (0.5 mol%)
catalyzed the cyclopropanation ofottene in 40 TON
91:9 er, 40:1 d.rtansmajor). 6 equivalents of EDA we
addedvia syringe pump over 12 h.

Yes

16

Ir(Me)PPIX in engineered CYP119 enzymes catalyzeg
cyclopropanation of a variety of unactivated alke
(terminal, internal and 1;disubstituted) with up to 130
TON and 99%e.e. 3 equivalents of EDA were addeih
syringe pump over 3 h.

10

Ru

Yes

17,
18

Ru-(iminophosphoranyl)ferrocene (2 mol%) catalyzed
cyclopropanation of 3 unactivated alkenes with up tg
TON, 72:28 d.r.¢is major), 98%e.e.

11

Co

Yes

19,
20

All Co-catalyzed (15 mol% Co) examples of unactivatg
alkene cyclopropanation reported ais-selective and
based on Ggorphyrins.

The most efficient and selective example is

cyclopropanation of phenylbutene (90 TTN, >99:1
(cis), 96%e.e).

12

Cu

Yes

21,

All Cu-catalyzed (1 mol% Cu) examples of unactiva
alkene cyclopropanation reported &iemns-selective

The most efficient and selective example is
cyclopropanation of -bctene (80 TTN, 93:7 d.rtrans),

90%e.e).

2€
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Metalloporphyrin catalysts have been used in synthetic chemistry for decades, but nature has
used them for millions of years. Present in all forms of life on Earth, beamdeng proteins
have diverse functions as well as promiscuous activities for whaghwtbre never selected,
such as the ability to form reactive carbene intermedifitese heméinding proteins have
also been shown to bind metalbstituted porphryins for nets-nature reactions: Hartwig,
Clark, and coworkers citetie need for greatenetal centereactivity than iron porphyrin
could provide in order to perform unactivated alkene cyclopropanation é&mtd C
functionalization reactions when thefiowed that heme proteins could bind an artificial
iridium cofactor in place of iron heme forrbanetransfer chemistrs? Theyreportedhat a
proteinds active sit enetal,asmaihwlecnlé camlyststhdt@ec t i vi ty t
already catalyze the reactidfise of an artificial iridium cofactor (Ir(Me)PIX) required the
lysis, purification, anéh vitro metalation of the apatein with the Ir(Me)PIX, all of which
add time and cost to catalyst preparation. Though it may be possible to incorponate the
metalin vivo?® the synthetic, nobtenetal cofactor is more expensive than the native heme,
which is manufactured by thegl and loaded into the catalyst during protein expression
vivo. Theuse of iridium is also not ideal due to the negative impact mining and refining

precious metals has on the environnfént.

In aqueous buffer witho proteinhowever, hemiranficatalyzothe formation oBa, albeit

with only 0.4 TTN.Our group has previously used directed evolution of-rorphyrin

proteingto enhance the intrinsic heme activaigcesmsg carbendransfer reactiontypically

performed with noblenetal catalysts, sucks intermolecular CH aminatior® and carbene

insertion into SiH3 B-H*2and GH®bonds. | n t hebasal activiaysise s, he me o
greatly enhancedand stereoselectivity is enforced by the protein environnesatbling

remarkable activity and selectiyienhancements through directed evolutidifferent local

heme environments can be accessed by screening natural and engineered protein diversity

directed evolution then finunes these featuré#/e therefore set out to create a collection

of geneticdy encoded biocatalysts equipped with the native heme cofactor for
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stereodivergent unactivated alkene cyclopropanation, taking advantage of the natural

diversity of heme proteins to identify suitable starting activity and stereoselectivity.

21Results and Discussion

In order to find initial enzymatic activity for unactivated alkene cyclopropanation, we
collected a panel df1 heme proteins from thermophilic and hyperthermophilic bacteria and
archaea Supplementy Information, Table 27), a thermostable proteins can better
withstand the potentially destabilizing effects of mutations and are therefore

6 e v o L.6¥ Bhbylare also often easier to work with and better tolerate polar organic
solvents used to solubilize substrates. These heme proteins were initially tested with
mutations to the putative distal ligand and aetite entrance loop (similar mutations have
been fomd by Fasan and coworkers to enhance myoglcdiialyzed cyclopropanation of
vinylarene'? for the cyclopropanation of 1-@ctadiene using EDA as a carbene precursor
(Supplementy Information,Table 27). 1,7Octadiene was chosen as an initial test substrate
due to the higher apparent terminal alkene concentra®mtein variants that showed
catalytic activity were subsequently testems wildtype proeins for 1-octene
cyclopropanationl-octene is a model substrate for unactivated alkene cyclopropanation
Through these experiments, wilghe Aeropyrum pernixrotoglobin ApePgb WT, UniProt

ID: Q9YFF4) and wildtype Rhodothermus marinusitric oxide dioxygenase RmaNOD

WT, UniProt ID: DOMGT2) were found to have low but measurable cyclopropanation
activity on toctene(2a), catalyzing the reaction with 18 and 27 total turnovers per enzyme
active site (TTN). NotablyApePgb WT andRmaNOD WT displayed complementary
diastereoselectivity, preferentially producingis- (1R,23-3a and trans (1S,2%-3a,

respectively

In addition tosearching globin protein diversity for this novel activity, we also investigated
heme proteins obtained in previous directed evolution studies. A panel of 36 variants of
serineligatedBacillus megateriunsytochromeP411 P411svs)*° engineered for otheromn-

natural carbeneand nitreneransfer reactio$éwas tested for the ability to cyclopropanate
1-octene2aand 4phenytl1-buteng(2b). 2b Was chosen as a substrate for library screening,



because the UWisible phenyl group enables screening by HRINZ The P41&ws variant
P41%kwms-CIS L437F T438Q L75Y L181I (P4&ks-UA) showed significant activity and
selectivity for production otis- (1S,2R-3a, the third of the four possible isomers. This
variant of a seriné i gat ed i Bva-CIFYP had Mded lengineered for

cyclopropanation activity on electraith, nonstyrenyl alkenes such &bvinyl amides®

Site-saturation mutagenesis libraries were generated and screened to increasetths activi
and selectivities of the different enzymes. Because crystal structurApddgb and
RmaOD have not been reported, homology models were built to help us identify residues
within the putative distal heme pocket, where carbenoid formation and substdig are
predicted to take plac&igure 26). P41kus-UA residues were selected based on the crystal
structure of its P4XEl3-CIS predecessor (PDB14H23). Individual sitesaturation libraries

were screened for increased activity and diastereoselectivity 2isiagd 1 as substrates.
Variants with enhanced diastereoselectivity in the producti@b @fere regrowron larger

scale, and their activities were tested in the cyclopropanati@a ahd 2b with EDA.
Enzyme variants with the greatest overall selectivity enhancements &zeamst3b were

used as parents in the next rounds ofsatieiration mutagenesis arateening.
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Figure 26. Homology models of proteins engineered in the study. The protein and proximal ligand
are shown in gray. Red indicates residues at which mutations were made for the engineered
variants. The heme cofactorsBown in blue. aApePgb homology model with W59A, Y60G, and
F145W mutations in red. BmaNOD homology model with Q52 and the putative distal ligand
Y32 (where mutations also enhanced activity) in red. c) R411A homology model with V87C

in red, as welas other mutated residues 75, 181, 437, and 438 colored.

RmaNOD was mutated at activ@te positions Y32 (the putative distal axial ligand), Q52,
and V97 using singlsite sitesaturation mutagenesis. Thoutle Y32G mutation foungh

the Y32X sitesatuation mutagenesis libragshowedmodest improvements in activity, the
most significant increase in activity from this first round was the Q52V mutatnssingle
mutation (Q52V) gav&maNOD nearperfect stereoselectivity for producitrgns(1S29-

3a
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ApePgb was first mutatealt position Y60 (the putative distal axial ligand). This yielded the
Y60G variant as the most active catalygpedPgb Y60G was then subjected to sirgite
site-saturation mutagenesisrasiduesV59, F73, F93, and F145 in pdehl all of which are
positions known to modulate the gaseous ligand binding properties of the homologous
Methanosarcina acetivorangotoglobin3! The variant that showed the greatest increase in
activity while maintaining high selectivity was W59A Y60This new variant was uses
parentfor the next round of singlsite sitesaturation mutagenesis at positions F73, F93, and
F145. After verification in smafcale biocatalytic reaction&pePgbh W59A Y60G F145W
demonstrated a significantly increased eioaetectivity, makingcis (1R,23-3awith 89:11

diastereomeric ratio (dr) and 99% enantiomeric ex@aks (

P41%kwms-UA wasfirst mutated at four positions found to modulate activity for hetercatom
substituted cyclopropanation reactidhsA simultaneous BT double sitesaturation
mutagenesis library at F437/Q438 and single@on sitesaturation mutagenesis librarigs

at Y75 and 1181 were generated and screened for improved diastereoselectivity in the
formation of 3b. In each caseP41kus-UA was amongthe most active and selective
variants. Using P4%lz-UA as parent proteinsinglesite saturationomutagenesisvas
performedat additional activsite residues V87, 1263, E267, and A328, screening for
enhanced diastereoselectivilyjne most significant changes in diastereoselectivity were in
the V87X sitesaturation library, in which an enhanced diastereoselectivity mutation
(V87C, producing th€1S2R) isomer with 89:1kistransdr) and acompleteinversion in
stereochemistryV/87F, producing thelR 2R)-isomerwith 4:96 cisitrans dr) were found.
Residue 87has often been reportad modulate the stereoselectivity of P4&® for

oxygenation of various substrafés.

With initial screening of 11 new and 36 previously engineéesde proteins, followed by
just one to three rounds of siaturation mutagenesis, we discovered four protein variants
capable of cyclopropanating unactivated alkefeadNOD Q52V,ApePgb W59A Y60G
F145W (=ApePgb AGW), P41dus-UA-V87C, and P418w3-UA-V87F), each of which
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produced a distinct stereoisomer of the desired pr@duetth 89:11 to <1:99 d.r. and 96 to

>99%e.e.(Figure 27). The enzyme activities against unactivated alkenes are comparable to
the stateof-the-art catalysts, with 1@90 TTN for3aand as high as 2400 TTN 18b, the
substrate against which thezgmes were screenetihese analyticatcale reactions were
prepared under conditions unoptimized for product yield, but GC yiel@bfand3c under

these conditions are modest to goddkle 23). The system is straightforward and easy to
use: the protewexpressing bacterial cells need only be resuspended to the desired
concentration and the alkene and diazo esieradded directly under an anaerobic
amosphere. When the reaction is complete, the product is extracted into organic solvents for

analysis or purification.

2a

E. coli expressing

heme protein \ aqueous, RT, 16 h

cis (1S,2R)-3a cis (1R,2S)-3a trans (1R,2R)-3a  trans (1S,2S)-3a
nHex COOEt nHex,, o wCOOEt nHex_ . wCOOEt nHex,, __,COOEt

Rh,(OAc),
(achiral catalyst)
95:5 dr
P411-UAV87C 97% ee
89:11 dr
ApePgb AGW 99% ee

e Wl

4:96 d

P411-UA V8TF A 96% e;
<1:99d

RmaNOD Q52V /\.>99% e;

Figure 27. Stereodivergergnzymatic cyclopropanation ah unactivated alkeneh&reaction of
2a and 1 with four engineered heme proteins yieksch of four stereoisomers of cyclopropane
product3awith diastereoseléwities from 89:11 to <99:1 dr and enantioseleities from 96% to
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>99% ee. The diastereoselectivity ratio (dr) is giveniggans, and the enantiomeric excess (ee)
is given for the major diastereomer

Table 23. GC \yelds for analyticakcale reactions reported igure 28. These yields are
determined by comparing the GC yield to the calibratiorves These reactions were run under
conditions designed t o dld@Nsprattetthamiekls.t he cat al ystso

P41kuws-UA P41kums-UA

Alkene, product V870 ApePgb AGW V87E RmaNOD Q52V
1-octene 8a) 4% 8% 7% 5%
4-phenyt1-butene(3b) 26% 40% 44% 4%

benzyl acrylate3c) 40% 91% 53% 71%
6-bromo1-hexene 8d) 19%

vinyl cyclohexane3e) 18%

methylenecyclohexan&fj 10%

1-penter3-one @g) 41%

2-vinylpyridine 3h) 60%

The four engineered biocatalysts were tested on a range of alkenes. Their activities and
selectivities were high on unbranchadighhatic alkenes similar to those for which they were
engineered, but their substrate scope extends to sterically hindered and -diefatrent
alkenes as wellRjgure 28). Though the activity and stereoselectivity differed on different
substrates, each catalyst accepted most of the substrates tested. It is likely that activity on
specific substrates can be optimized further, if desired, as has lowem ishmany other

directed evolution studie:3°
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P411-UA- ApePgb P411-UA- RmaNQOD
Vv87C AGW V87F Qs52v
a (18,2R) (1R,2S) (1R2R) (1S,28)

3a 270 TTN 490 TTN 310 TTN 100 TTN
/\/\/\VAO/\ 95:5dr 89:11 dr 4:96 dr <1:99 dr
97% ee 99% ee 96% ee >99% ee
3b o 1900 TTN 2400 TTN 1900 TTN 210 TTN
o™~ 96:4 dr 84:16 dr <1:99 dr 3:97 dr
>99% ee 95% ee >99% ee 98% ee
0 0 2900 TTN 5400 TTN 2200 TTN 3700 TTN
3¢c* OJKV)LO/\ 91:9dr 71:29 dr 2:98 dr <1:99 dr
96% ee 98% ee 96% ee >99% ee

’ L. . %
Br\/\/’f,, o PN T, o AN
R A®) " 0
vV V
3d 1100 TTN? 3e 550 TTN!
92:8dr  99%ee 76:24dr  96% ee
I 3, XL
Ov o Ao
af 610 TTN' 3g 610 TTN?
96% ee 89:11 dr 99% ee
T "”'V)LO/\
3h 3100 TTN?

<1:99dr 97%ee

Figure 28. Cyclopropanation substrate scope. (a) Activity and selectivity of each protein variant
against 3a, 3b, and 3c. (b) Activity and selectivity against a variety of alkenes. The
diastereoselectivity ratio (dr) is given@sitrans and the enantiomeric excess (ee) is given for the
major diastereomer. Enzyme variant used is denoted by superscige?gb AGW; 2RmaNOD
Q52V. General reaction conditions: whdte coli cells (ODQo = 5 (ApePgbh AGW,RmaNOD
Q52V), ODyo = 20 (P413us-UA-V87C, P41%vs-UA-V87F)) in 1X-M9-N buffer, 25 mM
glucose, 10 mM alkene, direct addition of 20 niMunder anaerobic conditions, 5% &tiol
cosolvent. Modified reaction conditiorg ODgoo= 20;3eODsgo= 10.RmaNOD Q52V3a, ODsoo

= 10. Analytical yields for these reactions are giveitable 23. Theabsolute configurations of
products3b and 3c are assigned by analogy to tBa products. Chiral separation conditions
reported in the Supporting Information. *The benzyl esté8adias IUPAC naming priority, and
therefore thestereogenicarboncentemumbering is reversed for these compounds.
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We have shown that these protein variants function with the commonly used diazo carbene

precursor EDA, which is especially useful because the ester moiety can be further
derivatized, e.g. to form amides and othstess. It can also be reduced to alcohols and
aldehydes, which are versatile synthetic handles for accessing a broad range of functional
groups. Reports of trifluoromethylcarbene transfer alkene cyclopropanatioff and
insertion into BH and GH bondsi®* carbene transfer to silaffésand borane® and
diazolactone carbene trandfe¥ have shown thateme proteingan be engineered to use

different carbene precursarsnewto-nature reactions

The smalimolecule catalyzed enantioselectiveegaration of cyclopropyl esters from
electrondeficient alkenes has previously been limited to makingréms-cyclopropaneé?
whereas strategies to directly acces®tb,2ester or 1,2liestercis-cyclopropanes (or their
corresponding carboxylates) \eaantioselective cyclopropanatibave not been reported

The biocatalysts, in contrast, enable access tocitig-keto-2-ester andcis-1,2-diester
products in a single, intermolecular step usingearcolibased platformdfs-3c, cis-3g,

Figure 28). Some of these products are precursors to valuable compounds: cyclopropyl
esters of unbranched, aliphatic alkenes are used in fragrances, for examydagnitie
essential odorants in frankinceri8eNotably, the enzymes catalyze the reaction en 2
vinylpyridine @h) , which is a difficult substrate
propensity to coordinate to and inhibit metal centers. This cyclopropanaoduct is a
precursor for an orphan GPR88 agoffish similar vinylpyridine substrate was used in

myoglobincatalyzed cyclopropanatidf.

Enzymes are chemoselective and can generate desired products without additional steps to
protect anddeprotect other reactive functional groups on the same molecule. As shown in
Figure 29, the enzymes described hean selectivelyyclopropanate terminal alkenes in

the presence of alcohol and carboxylic acid functional groups which often undergo
competitive OH insertion reactions with smaiholecule carbengansfer catalysts like
rhodium acetate diméf.ApePgb AGW performed padilarly well with unprotected -7

octenl-ol (2i) and 7octernl-oic acid @j), yielding productsis-3i andcis-3j at 77% and

f

or
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64% isolated yield, respectively, in preparatbeale reaction€Chema and regioselectivity

is even more importanthen functionalgroups cannot be protected easlty the cases of
1,3(E)-pentadiene 2k) and 1,3(2)-pentadiene 24]), all four engineered proteins

cyclopropanate the terminal alkene with perfect regioselectivity, likely due to higher

accessibility of thisdoublebordi each enzymeds active site.

for 3k and 3l, though the enantioselectivity for the major isomer remained high. As the
electronic properties @k and2| are similar, the difference in stereoselectivity likely reflects

stericconstraints of the enzyme active sites.

0 0
HO. -~~~ “\\\”\ e HO n, _‘\\\”\ e
VAR Ty
0
3i 770TTIN  77% vyield' 3] 640TTN  64% yield'
91:9dr >95% ee 83:17 dr >99% ee

O 0O O

O
| \
g e Ao

3k 600TTN 43%yield® 31 830 TTN 59%yield! 3m 600 TTN  60% yield'
4:96 dr 98% ee 93:7dr 98% ee 94:6dr >99% ee

Figure 29. Selective, preparativecale cyclopropane syntheses from various aliphatic alkenes and
dienes. Preparativecale reactions against substrates with free alcohottéfil-ol, 2i), free
carboxylic acid (7octenl-oic acid,2j), the two geometric isomers of petit@-diene @k, 2I), and
ketone (Bhexen2-one, 2m). The diastereoselectivity ratio (dr) is given @strans and the

enantiomeric excess (ee) is given for the major diastereomer. The yields are reported for isolated

products. Enzyme variant used is denoted by superscrigtpegh AGW; 2 RmaNOD Q52V.

The four final protein variants were tested under wedle aerobic conditions at analytical
scale (400 uL) for their ability to forn3a. The reactions were set up under the same
conditions as the anaerobic analytisehle reactions, with the exception that they were set
up outside of the Coy anaerobic chambEne aerobic conditions resulted in a nearly
complete loss in cyclopropanation for the globins, with only tracé3aafetected. The
formation of EDA dimer was also severely attenuated, suggebtimgarbene formation

was significantly slower under threesonditions. The P4giks-UA variants had a substantial

The



loss in activity but were still catalytically active (P4dM3-UA V87C: 140 £+ 5 TTN, 95:5 dr; >
P41%kwms-UA V87F: 25 + 3 TTN, 6:94 dr). The loss of activity for gloariantsbut not
P4lkwsvariantscoul d be due to the gl obins®CBi gh
and NQ*® whereas some engineered Pdilvariants have previously been shown to
function, albeit with attenuated catalytic activity, in aerobic condiftdlrsaddition to being
tested as anaerobic and aerobic winalk catalysts, the final protein variants were tested as
sonicated cell lysates and as purified proteins. In cell lygseroteins have decreased in
activity relative to wholecell catalysis(approximately Zold for RmaNOD Q52V and
ApePgb AGW, 5fold for P41kwus variants) The enzymes also had decreased activity as
purified proteing2-fold for RmaNOD Q52V, 5fold for ApePgb AGW, approximately 30

fold for P41%wm3 variants) In both lysate and purifigorotein, the catalysts maintained their
stereoselectivityDecreased activity in lysate and purified protein relative to wbelle
reactions has been observed in many enzyatalyzed carbene transfer reactiéridand is
likely due to reduced carbenamsferbased enzyme inactivation in whole c&lisVhole

cells could als@ontribute to thetabilization ofthe protein (through proper macromolecular
crowding effects, chaperones, etc.). As our focus was on developing a straightfamaiard
readyto-usesystem for biocatalysis, we opted for whalell catalysisvhich also eliminates

additional catalyst purification steps.

Table 24. Activity and selectivity of final protein variants as whalell, sonicated cell lysate, and
purified protein for3a product formation. The reactions were performed on analytical scale (10
mM 2a, direct addition of 20 mM, 16-hour anaerobic reaction). Whetell catalyst loading was
ODgso= 5 ApePgbh AGW, RmaNOD Q52V) and Olgy=20 (P413ms-UA V87C, P41tuws-UA
V87F). Cell lysates were diluted to the apparentfb5 (ApePgbh AGW,RmaNOD Q52V) and
ODsor=20 (P41%ms-UA V87C, P41Ems-UA V87F), corresponding to protein concentrations of
0.971 2.1 puM. Catalyst loading in purified protein reactions was 5 {ilkk diastereoselectivity
ratio (dr) is given asis:trans

Whole cell Cell lysate Purified protein
Protein TTN dr TTN dr TTN dr
RmaNOD Q52V 1006 <1:99 |43+2 <1:99|53x9 <1:99
ApePgbh AGW 490+20 89:11 |[190+9 89:11 [80+10 87:13
P41%w3z-UA VB7C 270+30 95:5 56+4 95:5 |69+x09 95:5
P41%ws-UA V87F 310+20 4:96 54+5 5:95 |13+2 4:96

af fi

n
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While biocatalysts often possess very high selectivity, this selectivity can be synthetically
limiting. A single enzyme magnake only a single isomer, but access to other isomers may
be equally importantnatural diversity can be leveraged effectively for this challenge. A
combination of natural diversity and directed evolutienabledthe stereodivergent
cyclopropanation of wactivated and electredeficient alkenes in mild, aqueous conditions

with a fully genetically encoded heme protein expressed in bacteria. This set of biocatalysts
can serve as starting points for green, sustainable synthesis of valuable cyclopropanated

products.

22Structural characterization of engi nee

Following the engineering of a set of four heme proteins for stereodivergent
cyclopropanation of unactivated and electdatficient alkenes, we were interested in better
understanding the structural and mechanistic determinants for their activity and
ster@selectivity. One method to investigate structural determinants is through protein
crystallography. We set out to obtain crystal structures for the four final biocatalysts, with
the goal of seeing substrates, reactive intermediates, and products bdwendigtal heme

pocket.

2.3.1 RmaNOD crystallography

There were no previous structures RIaNOD, so we started our search for crystallization
conditions with sparsmatrix screening® These sparsmatrix screens are sets of 96 diverse
conditions which hBve been designed to find initial crystallization conditions for most
proteins of interest. During spass®trix screening foORmaNOD WT andRmaNOD Q52V
crystallization, we found two conditions which gave good initial crystallization (0.5 M
ammonium sulfat, 0.1 M sodium citrate tribasic dihydrate pH 5.6, 1.0 M lithium sulfate
monohydrate and 0.2 M lithium sulfate, 0.1 M phospfugttate pH 4.2, 20 %(w/v) PEG
1000). Seeing that both conditions had high concentrations of lithium sulfate and acidic pH
as prmary components, a refinement tray was set up across which citrate buffer pH and
lithium sulfate concentration were varied. Under these conditions, the RmiadOD WT

and Q52V crystals formed within 24 hours into large, hexagonal crystals. Most of these
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crystals attached to the plastic surface within the sitting drop crystal trays. As the crystals

formed readily, instead of removing crystals from the surface, the subset of crystals which
formed in solution were selected for cryoprotection and data tolleon the Stanford
Synchrotron Radiation Lightsource beamline-2LASSRL 122). These crystals for
RmaNOD WT and Q52V consistently diffracted with lea-medium resolution (3.5 A).
Methods such as seeding, hanging drop (of sitting drop) trays, owerigifing drops on
Fluorinert (to prevent adsorption to the well surface), and modifying cryoprotectant
conditions were used to attempt to generate protein crystals with improved diffraction, but

in each case the diffraction was the same or worse.

The pesence of the @rminal polyhistidinetag can have an effect on the packing and
crystallization of a target protein, particularly in small proteins or when the tagged terminus
would form a crystal contaé Within the Arnold lab it was shown that even a few mutations

to the small proteilRmacyt c led to a variant which was only found to crystallize after
changing the location of the His expression tag. | therefore prepared a crystallization
construct forRmaNOD Q52V where the protein was expressed with aeriinal His-

SUMO tag. The SUMO protein tag is commonly used as an expression tag and, using the
Ulpl protease to cleave the SUMO tag after immobilized metal affinity chromatography
(IMAC), the protein dinterest is left with a single serine as asteminal scaP! The His

tagged SUMO protein and Ulpl protease can then be removed through a second IMAC

purification.

The taglesRmaNOD Q52V construct did not crystallize under the same conditions in which
the Gterminally Histagged crystallized, but a round of sparsatrix screening followed by
iterative refinement (Supplemengalnformation) led to crystallization conditions which
yielded single crystals. These new crystals formed over several dagsramded in solution
rather than adsorbed to the well ds surface.

relative to the Higagged constructs, with crystals diffracting to approximately 2.5 A.

Since no previous structure had been reportedRfoeNOD, experimental phasing was

chosen over potentially biasing the phase solution using a search model with low sequence
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identity for molecular replacement. With the heme cofactor containing an iron atom, the

structure could be solved using experimental pitasit diffraction data with anomalous
signal. The data were therefore collected using swvgleelength anomalous dispersion
(SAD) at the iron K edge (1.74 A). Details on the software used for phase solution and
structure refinement are given in the supipgrinformation. The resulting crystal structure
(PDB ID 6WK3) has a resolution of 2.45 A and displays C 1 2 1 symmetry with four

monomers in the asymmetric unit.

Il nitially, water was model ed at 1T romBdbs sixth c
it was found that acetate fit the density better. Acetate has been found to bind to heme in
crystallization conditions previousiand the concentration of sodium acetate, the primary

precipitant, is over 1.2 M in all of the refinement screening itiond used to crystallize

RmaNOD Q52V. There were also copper ions modeled into the structure; these copper ions

are likely crystallographic artifacts, as they form intermolecular contacts and all
crystallization conditions for the tagleRsnaNOD Q52V induded a divalent metal ion.

With an experimental protein crystal structure in hand, we were interested in comparing the
structure to the homology model. While the homology model originally usdifi@lOD

is moderately accuratgobally (1.568A RMSD), thestructure of the heme distal pocket is
dramatically differentFigure2-10). The Bhelix, which includesesidues 21 38, isshifted

more tharll.5 A doser to the heme, reducing the actsite volume. Even more striking is

the structure for the E helix; while the homology model predicted a sHwlixEfollowed

by a 9residue random coil before the CD helix, the random coil betweentieéxEs only

two amino acids long. The longer E helix forms a side of the distal heme pocket, with
multiple residues (including Q52V, the key mutation to enhance cyclopropanation activity
and selectivity irRmaNOD) pointing directly into the active site. The residuésch were
incorrectly predicted to be part of a random coil in the homology model are highly likely to
interact with substrates either as they enter the active site or during catalysis. Position Q52
was targeted based on sequence alignment with the chuesielue H64V in the sperm

whale myoglobin engineered for carbene transferase acfiitig residue would have been



41
unlikely to be chosewhen guided by only the homology model. This deviation between

predicted and experimental structures highligresitiportance of accurate structural models
when selecting residues for sgaturation mutagenesis.

Figure 210. Differences in structure between the prepared homology model and the solved crystal
structure. Théhomology model is shown in gray and the crystal structure is shown in red. The
foreground displays the differing lengths of the E helix in the homology model and crystal structure.

One of the clearest methods t oivityisthrough t he
observingthe substrate or product bound within the active site. Getting structures of
substrate or productbound proteins is done by either soaking, in which the protein is
crystallized before being exposed to the substrate (e.g. awailution containing the small
molecule of interest before cryoprotecting and freezing), rygstallization, in which the
crystallization condition is prepared including the small molecule of interest. Soaking has the
advantage that many different sinadolecules can be soaked into crystals with known
structure and diffraction qualifif. Soaking experiments are also necessary when the
compound to be soaked into the crystal or a resultant intermediate compound are not stable
over the time span requiredrfthe protein of interest to crystallize. However, if binding the

substrate or product causes a substantial conformational shift in the protein, soaking a pre
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formed protein crystal might not capture that biochemically relevant conformational

change* Tight crystal packing or crystal contacts at an aetiteentrance tunnel can also
prevent smal | mol ecul es from accessing the
crystallization can capture larger conformational changes and provide a snapshot which is

more likely to be biochemically accurate, with the caveats that a protein withraoiatiule

induced conformational changes might not crystallize under the same conditions and that the
addition of the small molecule (and solvents used to solubilize it)daopt protein

crystallization?®

The degree of conformational change upon substrate bindrrg@&OD Q52V is unknown
and theRmaNOD Q52V construct crystallized in large quantities without issue; co
crystallization was therefore chosen as the methathoice when attempting to observe
substratedbound RmaNOD Q52V. Cacrystallization trays forRmaNOD Q52V were
prepared with added benzyl acrylate, a model substrate against Riné@¥OD Q52V
displayed 3700 TTN with >99% ee and dr. Benzyl acrylate is alse sobuble in aqueous
solution than doctene and -4henytl-butene, requiring the addition of less organic
cosolvent to remain dissolved in the well solutiBmaNOD Q52V readily crystallized in
the presence of benzyl acrylate, but data collected ongtrestures consistently showed an
active site with no substrate bound.

The orientation in the active site of the ester moiety in the-demhenoid reactive
intermedi at e, t og e tohattack and subktraténdimy made,kveuide 6 s an gl ¢
dictatethe stereoselectivity observed in the reaction.-rorphyrin carbenes (IPCs) have

been studied experimentally and computatiorr&ly/and in 2018 there were two reported

protein crystal structures containing IPCs. Hilvert and coworkers reported -diviethg

reactive IPC derived from EDA using myoglobin with the fsamonical amino acit\-

methykhistidine as the heme axial ligafftArnold and coworkers reported an IPC derived

from ethyl 2diazopropanoate (MEDA) in an engineereBmacyt c protein varant used in

the construction of carbosilicon bonds1>°
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Given the precedent of IPCs in protein crystal structures, we attempted to obtain acarbene

bound structure dRmaNOD Q52V. As EDA and the resultant IPC would not be stable for

a weeklong cacrydallization experiment, soaking experiments were used to add EDA to
the crystals. Even at 4 °Ghetaddition of EDA and sodium dithionite ®maNOD Q52V
crystals resulted in the rapid formation of bubbles and the protein crystals were destroyed
faster tharthey could be looped and flash frozen. While the enzyme activity is inhibited
under aerobic conditions, sodium dithionite can act as an oxygen scavenger and reduce the
dissolved oxygen contefft. RmaNOD Q52V will also readily form EDA dimers (diethyl
fumarate and diethyl maleate), consuming the -4tarbenoid intermediate. The carbene
formation (and ostensibly EDA dimerization) in the presence of sodium dithionite was
enough to preclude the use of this system to trap the EDA carbene intermediate; similar
results were observed by Dr. Rusty Lewis when attempting to capture ERmarcyt c

variants (personal communication).

As a surrogate substrate, crystal soaking withBND& was attempted in place of EDA. Me
EDA did not display activity for cyclopropanatiavith RmaNOD Q52V, bulRmaNOD WT

and variants have been reported to form cdrbiicon bonds with Mé&EDA as the carbene
precursoP! Me-EDA dimerization has not been observed in our hands, and the resultant
iron-carbenoid species was stable for overaur im theRmacyt c enzyme system in which

it was studied® Although a structure with MEDA-derived carbene is not guaranteed to
orient in the active site similar to the EBderived IPC would, a welllefined ester binding
mode would be a strong indication of the EDA binding modality and provide insight into the
origin of alkene cyclopropanation stereoselectiviRynaNOD Q52V crystals were soaked
with Me-EDA and sodium dithionite; unlike the ERgoaked crystals, these crystals did not
rapidly break down. There was no noticeable nitrogen evolution, but the lac&BDM
dimerization would make nitrogen evolution stoichiometric and limited by the protein
concentration (compared to the catalytic EDA dimer formation). Unfortunately, as with
RmaNOD Q52V crystals carystallized with benzyl acrylate, there was no electtensity

in the active site supporting occupancy of-EI2A or a carbene derived from MEDA.
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2.3.2ApePgb AGW crystallography

ApePgb AGW had by far the broadest substrate scope of the four enzymes used in the
stereodivergent cyclopropanation of unacedsalkenesTable 210), and multiple variants

of ApePgb have been found to be starting points for additionattoewature directed
evolution projects in the lab. It watherefore of substantial interest to obtain a crystal
structure for this scaffold to inform the design and construction of fupePgb
mutagenesis libraries. LIKRMANOD, no structures foApePgb had been reported before,
althoughApePgb WT was previgsly heterologously expressedtn coli and functionally
characterize® Only one member of the protoglobin famiMethanosarcina acetivorans

protoglobin MadPgb), has been crystalliz&t£3

To begin the search for crystallization condition&\péPgb,sparsematrix screens were set

up for Gterminally polyhistidineaggedApePgb WT andApePgbh AGW. These screens
resulted in a small number of conditions in which phase separation or oil droplets were
observed; the distinct red coloration of the hdmandprotein made these distinct from
precipitant phase separation and protein precipitation. Following multiple refinement screens
with no improvement to the crystallization, the crystallization construct was revisited. When
reviewing the homology model based MacPgb, we noted that the-t@rminus of the
protein is in the dimer interface;ApePgb would crystallize with similar crystal packing, the
C-terminal polyhistidine tag would disrupt that crystal contaEtgure 211). A
crystallization construct oApedPgbh AGW was prepared with thetBrminal polyhistidine
SUMO tag to prevent this potential crystal packing disruption.



Figure 211. Homology model oApePgb based oMacPgb. The two monomers in the crystallized

dimer are colored as chainbows, with blue signifying theemfinus and red signifying the-C

terminus. The two C termini are in crystal contacts tieadimer interface; @erminal expression

tags are therefore |ikely to affect the proteinéds

In sparsematrix screens with the tagleg#gpePgbh AGW construct, a set of what were
potentially fAsea ur chi kgure2-12y sonddidn2.8M 106+r med i n a
hexanediol, 0.M Tris pH 8.5, 0.2M MgCl>). Refinement screening around these conditions

had some effect on the urchin rioen, size, and rate of formation, but the quality of the

crystals did not improve with variations in protein concentration, buffer pH, or precipitant
concentration. Substratesgienyl1-butene and benzyl acrylate), substrate mimics (glycine

ethyl esterand heméinding smalmolecules (imidazole and thiocyanate) were also added
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to determine whether exrystallization could improve the crystal quality. In each of these

cases there was no improvement in the crystal morphology.

A complementary technique tefinement screening which can be used to find improved
protein crystallization conditions is random microseed matrix screening (r¥fi\FSn

random microseed matrix experiments, like other seeding experiments, a seed stock is
prepared by finely crushg crystals, which are then added to new crystallization experiments
to provide nucleation sites for crystals to grow. In rMMS, the seed stocks are added to sparse
matrix screens, providing a very different chemical space from the space in which the initia
crystals grew. When sparseatrix screens were set up walpePgb AGW purified protein

and seed stock, microcrystals and small needles formdédliM sodium cacodylate
trinydrate pH 6.5, 1.M sodium acetate trihydra(€igure2-12b).

a : b
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Figure 212. Results of random matrix microseedingfipe® g b A GW. ( a )likefnisad a ur chi no
protein crystals found during spansatrix sceening and refinement. (b) small needles formed in

0.1 M sodium cacodylate trihydrate pH 6.5, 1.4 M sodium acetate trinyatetie microseeded

with a crystal seed stock from the sea urchin crystals.

Varying seed stock concentrations, buffer pH, and precipitant concentrations did not lead to
improvement in the crystal size or morphology. The Hampton additive screen was also tested
under these conditions without observable improvement in crystal sigaatity. One

potential next step forward would be returning to the crystallization construct and truncating



the termini to remove flexible regions, introducing mutations at positions on the surface4t:J
improve the probability of crystallization, or usingnited proteolysis techniques to remove
flexible regions of the proteff?:%” As the goal is to investigate structural determinants for the
selectivity of particularApePgb variants, truncating or mutating the protein in order to
crystallize it would intefiere with this investigation. The work on crystallizidgePgb AGW

was therefore halted; further attempts to crystallize other protein variants based on the
ApePgb scaffold are ongoing in the Arnold lab.

2.3.3 P41&wms3-UA crystallography

Although manyhave attempted to crystallize the fldhgth P45@vs, the closest Xay
crystallographic structure has been of the heme and FMN d&#iith, the FAD domain
crystallized separatefy.Only recently has cry&M enabled the solution of the fuéngth
P45@ws structure at low resolution (7.6 AY’* For structural insight into the effect of
mutations on enzyme activity and selectivity, the BgdWariant of interest is typically
expressed and purified as a hetioenain only crystallization construct. Thésamedomain
crystallographic constructs were prepared for B43UA V87C and P41dus-UA V87F.
The hemedomain constructs were prepared with theeNninal polyhistidineSUMO
cleavable tag, and the proteins were expressed and purifiedHis-SUMO-P41%wv3
constructs, the SUMO tag was cleaved with Ulp1 protease to yield purified protein for tagless
P41%kwvs-UA V87C and P41dus-UA V8TF.

A fAisuperscreeno of conditi onsw hemendmoam! vy f ound
constructs had been developed by previabnsnembers (Supplemengdnformation,Table

2-13); this screen was used to find initial crystallization conditions for the twosR41IA

variants. Bdt proteins crystallized as pale green, thin, single needles surrounded by

precipitate in0.1 M BisTris pH 5.5, 20% PEG 3350, OM Na(HCOO) Varying protein

concentration, BiFris buffer pH and PEG 3350 concentration decreased the level of
precipitatiorand increased the crystal formation. Crystals of both gr441A variants were

cryoprotected, flash frozen, and sent to SSRL foay)diffraction. While crystals from both

proteins did diffract, the resolution was very poor (>6 A).
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2 . EAxpandi ngc eqizlysntatat e scope t-o transfer

carbenes to activat ed,efumnca cetnitv atl &kde,n eassn d
The stereodivergent cyclopropanation of unactivated alkenes described in this chapter, like

the majority of enzymatic cyclopropanation viakene transfet! ¢ was limited to the

use -bifazlbester carbene precursors.-estferhe use of
substitutions would increase the scope of chiral cyclopropanes accessible through these
engineered biocatalytic platforms. Orieemative accepteonly diazo compound class are
U-diazoperfluoroalkanes such asliaze1,1,trifluoroethane (DTFE), which can generate
trifluoromethytsubstituted  cyclopropanes  through  carbgaesfer  reactions.
Trifluoromethytsubstituted cyclopropas have been used extensively in medicinal

chemistry applications owing to the conformational rigidity conferred by the cyclopropane

ring and the metabolic stability conferred by the trifluoromethyl substitdent.

Biocatalytic trifluoromethydsubstituted yclopropane synthesis has been previously
reported: Fasan and coworkers reported an elegant biocatalytic method to prepare
trifluoromethytsubstituted cyclopropanes from vinylarenes amdsitugenerated DTFE

with high enantie and diastereoselectivity? This example was limited to vinylarenes,
however, and onlyrans-substituted cyclopropanes were synthesized. Diastereodivergent
synt heti c a-pifucranaticylcazbene tramsferUof unactivated and eleetron
deficient alkeneswould be useful for pharmaceutical and agrochemical compound

development.

In parallel to my work on the cyclopropanation of unactivated and eledéfisient alkenes

with EDA, a postdoctoral fellow in the laboratory, Dr. Xiongyi Huang, was investigding t

use of DTFE in enzymatic carbeher ansf er reactions as part a
trifluoromethylcarbendransfer reaction®*! In his initial screening, he found that the

lineage of ApePgb protein variants | had engineered displayed initial activity for
cyclopropanation via DTFE carbene transfer and came to me for help with engineering the

protein. We worked together on the construction and screening of additional single site

saturation mutagenesis libraries, resulting in the double mufgegb W59L Y6@
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(Ape? g b AL Qpdpgb ¥60G F73WApePgb A GWO) which were acti ve

styrenyl and electredeficient alkenesHigure 213). Notably, theApePgb LQ variant
formed the cis diastereomer with electreseficient alkenes in moderate to good
stereoselectivity; thesas-trifluoromethytsubstituted cyclopropanes are difficult to access
with reported synthetic methods. Cyclopropanation of unactivéitedes was also tested,
butApePgb LQ and GW only show trace activity for the previous model unactivated alkenes,
1-octene and-4$henyt1-butene.

cls: trans cis: trans
TTN or (Z: £ TTN or (Z: £
A 0 1620 81:19 A Me 3310 97:3
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Figure 213. Substrate scope dfpePgb LQ (red) and GW (blue) variants againstvatéd and
electrondeficient alkenes. GBS data reported were collected by Dr. Xiongyi Huang and Lucas
Schaus.

Dr. Huang transferred the mutations fréxpePgb to the protoglobin from the mesophilic
methanogenMethanosarcina acetivoranfMlacPgb), asMacPgo has been structurally
characterized previousf{,as he intended to perform molecular dynamics simulations that
required an accurate crystal structure. When that initial transfer of mutatidhecRygb
yielded variants with comparable activity and selectivity toApePgb variants, | became
interested in how general the effect on carbene transfer activity and selectivity is when
transferring these mutations to other proteins in the protoglobincfats. Transferring

mutations from one scaffold to another has been quite successful for promiscuol$asative
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well as newto-naturé® reactions though there is certainly a positive bias in the literature

toward successful transfers of mutations. |dtipsized that the carbetransfer activity
observed imMpePgb andviacPgb protein variants would be seen in protoglobin homologs
and that the homologous proteins would provide additional starting points for directed

evolution of carbene transferases.

To huild a set of homologous proteins, | used PreBlAST to search by protein sequence
identity to assemble a set of representative proteins from the protoglobin fold class, which
has been identified in archaea and bacteria. Of this list, proteins fronofttalic organisms

were selected; proteins from thermophilic origins are (usually) more stable than their
mesophilic orthologs, and this stability helps counteract the destabilizing nature of most
mutations’® The amineacid residues mutated for DTFE cyatopanation (W59, Y60, and

F73) were conserved in dbmologous protoglobins founds were most firgghell active

site residues which would be prime targets for-s#tiration mutagenesiswill refer to

these homologous protoglobins in generaXag’gb. | ordered nine additional protoglobin
sequences as linear DNA fragments (gBlocks, IDT) cemfinmized for E. coli and
containing the LQ mutationg éble 25), and the oligonucleotides required to generate the
GW variants usingdxx¥gb LQ genes as templatesTh&sePgbs have between 51% and
83% pairwise aminacid sequence identifFigure 214).
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Table 25. List of protoglobin proteins selected for the transfer of mutation experiment. The table
lists the protoglobin names, the originating organism, and Uniprot NCBI accession numher
ApePgb, MacPgb, and PfePgb were ordered and clmi@ucto this gene acquisition

Protein Organism UniProt ID

AauPgb Acetothermus autotrophicum H5SUA1

CthPgb Crenotalea thermophila AOALI7NC60

ParPgb Pyrobaculumarsenaticum A4WICT7

PmdPgb Pyrinomonas methylaliphatogenes AOA0B6WXB4

TanPgb Thermus amyloliquefaciens WP_038057460.1 (NCBI)

TarPgb Thermus arciformis AOAL1G7GWS55

TdaPgb Thermanaerothrix daxensis AOAOP6XZU8

ThuPgb Thermoflexus hugenholtzii AO0A212QV80

TpePgb Thermorudis peleae AOA1ES5BNX2

ApePgb Aeropyrum pernix Q9YFF4

MacPgb Methanosarcina acetivorans Q8TLY9

PfePgb Pyrobaculum ferrireducens G7VHJ7

ApePgb  ParPgb  PfePgb  CthPgb  TpePgb TdaPgh MaPgb PmePgb ThuPgbh AauPgb TamPgb TarPgb

ApePgh 62.83 64.58 51.81 58.25 58.64 56.99 60.31 61.86 60.1 59.9 59.59
ParPgh 62.83 82.72 54.74 51.83 54.21 53.68 54.45 57.07 58.12 58.12 61.26
PfePgb 64.58 82.72 54.97 56.25 59.69 59.16 59.38 60.94 61.46 61.46 61.46
CthPgb 51.81 54.74 54.97 59.9 62.63 64.58 57.51 61.14 60.94 58.12 59.38
TpePgb 58.25 51.83 56.25 59.9 62.69 60.82 64.62 60 61.14 63.4 59.49
TdaPgb 58.64 54.21 59.69 62.63 62.69 70.47 69.43 68.91 71.73 67.36 66.84
MaPgh 56.99 53.68 59.16 64.58 60.82 70.47 61.54 66.15 69.79 66.32 65.46
PmePgb 60.31 54.45 59.38 57.51 64.62 69.43 61.54 68.37 65.28 62.89 62.56
ThuPgb 61.86 57.07 60.94 61.14 60 68.91 66.15 68.37 70.98 65.98 66.15
AauPgh 60.1 58.12 61.46 60.94 61.14 71.73 69.79 65.28 70.98 69.27 72.02
TamPgb 59.9 58.12 61.46 58.12 63.4 67.36 66.32 62.89 65.98 69.27 82.99
TarPgb 59.59 61.26 61.46 59.38 59.49 66.84 65.46 62.56 66.15 72.02 82.99

Figure 214. Protein identity matrix showing the am#acid sequence identity correlations for the
variousXxx¥Pgbhs. The lowest and highest sequence identitie€thRrgbT ApePgb (51.8%) and
PfePgbi ParPgb (82.7%).
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the pET22b protein expression vector. The resukixg’gb LQ variant plasmids were used

as PCR templates to generate XxePgbh GW variantsE. coli competent cells were then

transformed with the plasmids encoding beks of protein variants to produce the proteins

of interest. The biocatalysts were tested for their activity with DTFE against an array of

activated, unactivated, and electaeficient alkenes. Every successfully clorédPgb

Luca



protein variant displayedarbeneransfer activity for most of the alkenyl substrates tested.5 )
While ApePgb variants showed only trace activity the vinyl Weinreb amide substrate N
methoxyN-methylacrylamide, variants ofarPgb andTdaPgb had high activity and
diastereoselectivity against this substrdaigb{e 26). Weinreb amides are useful substrates
as the corresponding products can be easily derivatigesheyate myriad ketorsubstituted
cyclopropane products. The$arPgb andTdaPgb variants are therefore excellent starting
points for directed evolution for biocatalytic synthesis and derivatizations to synthesize
diverse trifluoromethytyclopropylketons. Expansion of this reaction scope to include 2
substituted NmethoxyN-methylacrylamides would enable the synthesis of trifluoromethyl
substituted cyclopropylketones with stereogenic quaternary carldeigsirq 215).

Foll owing his Mastero6s thesis work, Lucas

and has continued this work.

Table 26. Activity and diastereoselectiyitof TarPgb andTdaPgb wild type and variants in the
synthesis of N-methoxyN-methyl2-(trifluoromethyl)cyclopropand-carboxamide Activities

were determined via NMR, using fluorobenzene as an internal standard. NMR data were collected
by Lucas Schaus.

Protoglobin Yield TTN dr

TarPgb WT 21.5% 600 36.3 %
TarPgbh GW 21.8% 2000 96.0 %
TdaPgbh WT 17.6 % 1200 38.4%
TdaPgb LQ 20.5 % 1800 93.9 %

o o
o R'-M
CF o.
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R CF; CF;

R =H, Me, CF3, Bn

Figure 215. Synthesis of Weinreb amigmibstituted cyclopropanes. Carbene transfer to
substituted\-methoxyN-methylacrylamide forms a cyclopropane with a stereogenic quaternary
carbon center. This compound can be further derivatized with Weinreb ketone syntheser#be
myriad carbonykubstituted cyclopropanes.

J
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2.Concl usi ons
Prior to the work described in this Chapter, cyclopropanation via carbene transfer using iron
porphyrinbinding proteins had been limited to styrenyl alkenes. Scientists demonstrated that
heme proteins that bound a nehtetal substituted porphyrin in place of heme could transfer
carbenes to unactivated alkeRéand an iron porphyrin catalyst had been shown to perform
the reaction in organic solvefit.| found that heme proteins could talgze the
cyclopropanation of unactivated and electdaficient alkenes, and that their activity and
selectivity could be improved through just3lrounds of sitesaturation mutagenesis of
activesite residues. The four engineered protein variants ehadateess to all four
stereoisomers of unactivated and electieficient alkenes. | solved the crystal structure of
one of these variant®maNOD Q52V; | used this structure to guide library design for
RmaOD variants engineered in Chapter 3. HpPgb saffold was found to catalyze
trifluoromethylcarbene transfer to activated and eleatiefitient alkenes, and the activating
mutations could be successfully transferred into homologous protoglobins. This work and
other recent research on enzymatic carbane nitrendransfer reactions showcase the
breadth of reactions that irggorphryin proteins can catalyze, and | anticiphtgéthe heme
protein biocatalytic platform will continue to expand in the near future.

2.SBuppl ementary i nf®@rmation for Chapter
Nomenclature for compound labeling

Alkenyl substrates are named (where x is an). The corresponding cyclopropyl esters

(from reaction with ethyl diazoacetdtpare name@®x. Single diastereomer compounds are

named cis-3x or trans3x. The ZXoctene cglopropane products, whose absolute
configuration is known (se€ompound chiral separation conditions and representative

traceg, are labeledl(R/S), 2(R/S))-3a. Alkenyl substrates with functional groups protected

(e.g. Foctenl-ol, 7-octenl-oic acid) are name2a, and their corresponding cyclopropane

products are namedka. These are depicted igure 216.
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Alkenyl substrate Cyclopropane

Ethyl diazoacetate
(EDA), 1 1-octene, 2a product, 3a

o o] o]
2 1 1 2
Ethyl 2-hexylcyclopropane- 1-Benzyl 2-ethyl cyclopropane-
1-carboxylate 1,2-dicarboxylate

Figure 216. Compound nomenclature used in this work.

Materials and Methods

Solvents and reagents were ordered from Sigma Aldrich, TCI, CombiBlocks, or Alfa Aesar
and used withouurther purification. GEFID data were collected on a Shimadzu-G@\,
Agilent 6850 GC system, and Agilent 7820A GC systen:NE&Zdata were collected on a
Shimadzu GCM£)P2010 SE. Screening HLRQV data were taken on an Agilent 1200
series HPLC. Normgbhase chiral HPLC data were taken on an Agilent 1100 series HPLC.
NMR spectra were recorded on a Bruker Prodigy 400 MHz instrument or Varian 300 MHz
instrument with CDGlas solventH NMR spectra were recorded at 400 MHz &@INMR
spectra were recorded 800 MHz. Chemical shifts were normalized to the chloroform
solvent 0s pid NMR 726 dgpmipCUNIMR 77y16 dpm). Optical rotation data

were collected on a JASCQOZP00 Polarimeter.

Proteins tested in enzyme discovery

Genes encoding eleven hetriading proteins were ordered as coagmimized gBlocks
(Integrated DNA Technologies, Coralville, lowa) and assembled into pET22b(+) with the
pelB leader sequence removed andtar@inal 6xHis tag. As the putative distal ligand could
interfere with thenitially low substrate binding affinities, the proteins were ordered with the

distal axial ligands mutated to smaller, nonpolar residues, found to be beneficial for
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vinylarene cyclopropanation in myogloBin Some gBlocks were also ordered with a

mutation in a putative entrance tunnel residue previously found to enhance styrene
cyclopropanation activity in myoglobft. These heme proteins were first tested for
cyclopropanation activity using tattadiene and EDA as substrates {dg#adiene was
chosen foits higher effective concentration of terminal olefin). The most active and selective
proteins identified from these experiments, protoglobin fAgmopyrum perniXApePgb)

and nitric oxide dioxygenase froRhodothermus marin®&maNOD), were subsequently
tested as wildype proteins against-dctene2a, a commonly used model substrate for

unactivated alkene cyclopropanation studies.

Table 27. Hemebinding proteins tested for unactivated alkene cyclopromanattivity using
1,7-octadiene and EDA as substrates.

Cyclopropane

UniProt , , Mutation(s) product
ID Organism Annotation from WT formation
detected
Q3IDI7 Pseudoalteromonas Putative hemoglobrhk_e Y42V E69A NoO
haloplanktis oxygenbinding protein
Q7CX73 Agrobacterium fabrum Uncharacterized proteir Y26V F53A No
Q5L1S0 Geobacnl_us Hypothetical _conserved Y29V Q50A NoO
kaustophilus protein
. . F28V F61l
Q9NPG2 Homo sapiens Neuroglobin HB4A No
QO0PB48 Campylobacter jejuni  Truncated hemoglobin none No
Bapvcz  Methylacidiphilum Hemoglobin IV H71V L93A Yes
infernorum
DOMGT2 Rhodothermus marinus Nitric oxide dioxygenase Y32V Q52A Yes
G7VHI7 Pyrobaculum Protoglobin Y58V Yes
ferrireducens
Q9YFF4 Aeropyrum pernix Protoglobin Y60V Yes

066586 Aquifexaeolicus Thermoglobin Y29V Q50A Yes
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Screening previously engineered cytochromes P4 for cyclopropanation activity

A composite plate of 36 P4dns-CIS proteins from lineages engineered for -natural
reactions such as aziridinatiaulfimidation, amination, and nestyrenyl, activated alkene
cyclopropanatiotf was screened for activity and selectivitySiaproduct formation. Most
reactions showed trace activity and moderate diastereoselectivity, but the highest activities
by a large margin were found in the lineage engineered févinyl amide
cyclopropanatiod® Screening this lineage for stereoselectivity showed thatgpg1S

L437F T438Q L75Y L181l, referred to in this study as R#31JA, had the highest activity

and enantiosettivity. It was therefore used as a starting point in unactivated alkene

cyclopropanation.

Homology models

ApePgb was modeled with tiMdethanosarcina acetivoramsotoglobin (PDB ID: 3ZJL) and
RmaNOD was modeled witlAlcaligenes eutrophuavohemoglobin(PDB ID: 1CQX)
using SWISSVIODEL.”® A homology model of P4Els-UA was generated through side
chain mutations to the P4&4-CIS crystal structure (PDB ID: 4H23). Figures generated
from protein homology models and crystal structures were made with PyM@Lto¢hger,

Inc.).

Subcloning and transformation of genes

Genes forAeropyrum perniyrotoglobin ApePgb) andRhodothermus marinustric oxide
dioxygenase RmaNOD) were ordered as codaptimized gBlocks (Integrated DNA
Technologies, Coralville, lowa).he gBlocks were amplified via polymerase chain reaction
(PCR), and the PCR products were gel extracted and purified with Zymoclean Gel DNA
Recovery Kit (Zymo Research Corp, Irvine, CA). The PCR product was subcloned into
pPET22b(+) via Gibson assembly.7#&Eirocompetent E. cloni EXPRESS BL21(DE3) cells
(Lucigen, Middleton, WI) were transformed with Gibson assembly products using a Gene
Pulser Xcell (BieRad, Hercules, CA). Aliquots of SOC medium (730 were added, and

the cells were incubated at 37 °C &80 rpm for 45 minutes before being plated or LB

ampicillin (100pg mL- 1) agar plates. Overnight cultures (5 mL-BBip in culture tubes)
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were grown at 37 °C and 230 rpm foii 18 hours. Overnight cultures were used to inoculate
flask cultures, prepare glgrol stocks, and isolate plasmids. Plasmids were isolated with
Qiagen Miniprep kits, and the genes were sequence verified (T7 promoter/terminator

sequencing primers, Laragen, Inc.).

Medium-scale potein expression

Cultures of Hyperbroth (HBAthenaES) with 100 pug mk ampicillin in unbaffled
Erlenmeyer flasks were inoculated 1% (v/v) with statiorrgise overnight cultures and
shaken in an Innova 42 shaker at 230 rpn?,G37At ODsoo = 0.8, cultures were chilled on

ice for 20 minutes. Proteie X pr essi on was i nducedd-1l-with
thiogalactopyranosid¢PTG) and heme production was enhanced with supplementation of

1 mM 5aminolevulinic acid(5-ALA). The cultures were shaken at 180 rpm and@2
overnight (1824 hours). Cells wergelleted via centrifugation at 4000xg for 10 minutes at

4 °C. The supernatwas decantedand the cells were resuspended in-N%uffer

supplemented with 25 mM glucose.

Site-saturation library construction

Site-saturation mutagenesis was performed usihg 22codon method® Briefly,
oligonucleotides were ordered with NDT, VHG, and TGG codons in the coding strand at the
amino acid position to be saturated. A reverse primer complementary to all three forward
primers was also ordered. Two PCRs were perfdrimeeach library, the first containing a
mixture of forward primers (12:9:1 NDT:VHG:TGG) and a pET22b(+) internal reverse
primer and the second containing the complementary reverse primer and a pET22b(+)
internal forward primer. The two PCR products wggkpurified with Zymoclean Gel DNA
Recovery Kit (Zymo Research Corp, Irvine, CA) and ligated via Gibson assembly.
Electrocompetent. cloni EXPRESS BL21(DE3) cells (Lucigen, Middleton, Wiere
transformed with thé&ibson assembly product. Aliquots of S@nedium (75CGL) were

added and the cells were incubated at ®7 for 45 minutes before being plated on-LB

ampicillin (100pg mL ) agar plates.
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Site-saturation library expression

Single colonies from the LBmpicillin agar plates were picked usistgrile toothpicks and
grown in 300 pL LBampicillin in 2mL 96-well deepwell plates at 37C, 250 rpm, 80%
humidity overnight (1218 hours). Multichannel pipettes were used to transfer 30 pL of
starter culture into deepell plates containing 1 mL HBmpper well. Glycerol stocks of
these plates were prepared in parallel by adding starter culture (100 pL) and 50% (v/v) sterile
glycerol (100 pL) to a 96vell microplate, which was then stored-80°C. The deepvell
expression culture plate was incubated@7atC, 250 rpm, 80% humidity for 2.5 hours. The
plate was then chilled on ice for 30 minutes. The cultures were induced with 0.5 mM IPTG
and supplemented with 1 mBALA to increase cellular heme production. The plate was
incubated at 22C and 250 rpm arnight. The plate was centrifuged at 4000xg for 10
minutes at £C.

Site-saturation library reactions and screening

The pellets in the siteaturation library deewell plates were resuspended in nitrodese

M9 minimal medium (47.7 mM N&lPQi, 22.0 mM KHPQy, 8.6 mM NaCl, 2.0 mM
MgSQs, and 0.1 mM CaG]J abbreviated as MBI, 400 pL). In an anaerobic chamber, 50 pL
reactant mixture in ethanol (final concentrations in a 450 pL reaction: 20 mMIERA

mM 4-phenyt1-butene?b) were added to the ret@on plate. The reaction plate was covered
with a pierceable foil cover (USA Scientific) and shaken at 500 rpm for 3 hours. To quench
the reaction and extract the substrates, 400 pL of a mixture of acetonitrile (49 mL) and 3 M
HCI (1 mL) wereadded to edtwell. The reaction plate was shaken for an additional 30
minutes, followed by centrifugation (4000xg, 10 minute¥C¥ The supernatwas filtered
through a 0.2 um PTFE 98ell filter plate into a 9évell microplate (4000xg, 1 minute,

RT). The micropla was sealed with a pierceable foil cover. The wells were screened for
activity and diastereoselectivity 8b formation via HPLC using a Kromasil 1{8C18
column, 4.6x50 mm with a 71% acetonitrile isocratic method (3 minutes). In later screening
with higher enzymatic activity, the separatiorce andtransisomers of3b was improved

with the use of an Eclipse XDB18 column, 5 um patrticle size, 4.6x150 mm aneharute

71% acetonitrile isocratic method. Wells with improved activity relative to ttempprotein
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were streaked out from the glycerol stock ontedrBp plates. A single colony was picked

and grown in 5 mL LBamp overnight (230 rpm, 3T). These overnight cultures were used
in flask protein expression and smsdlale biocatalytic reactioms verify enhanced activity

and/or selectivity relative to the parent sequence.

Sonicated lysate preparation and hemochrome assay

An aliquot of cells for protein concentration determination was sonicated (QSonica Q500
Sonicator, 1/8 in tip) for 2 minuted second on, 1 second off at 25% amplitude. Cells
expressing\pePgb orRmaOD variants had 0.XtolumeequivalentsBugbuster 10X protein

extraction reagent (EMD Millipore) added prior to sonication. The sonicated lysate was

clarified via centrifugation a4500xg and £C for 10 minutes. The concentration of heme

loaded protein was determined with the pyridine hemochromagen (hemochroméey assay.
Briefly, sonicated and clarified |Iysate (500
Sl ution,0l 2( MM NasgOIH, 40% (v/v) pyridine, 500 ¢
added and the spectrum of this oxidized sample was taken from6880nm.Sodium
dithionite (10 €L of 0.5 Mandtbdredtucedsspectrunm 0. 5 M
was taken from 3500 nm. The pyridine hemochromagen concentration was determined

using its Q bands, with extinction coefficient 23.98 mnt?® for (557 NMiegiced T 540

NMoxidized). "

Small-scale, wholecell biocatalytic reaction preparation and work-up

Smaltscale reactions were set up #m2. GC crimp vialskE. coliexpressing the appropriate
heme protein catalyst (380 pL, adjusted to the appropriate optraitg or protein
concentrationjvereadded to the viaJand they were brought into a Coy anaerobic chamber
(~ 0-10 ppm Q). To each vial was added alkene (final concentration 10 mM) followed by
EDA 1 (final concentration 20 mM) with 5% ethanol as a cemal. Directly following
addition of EDA, the reaction vial was crimped and shaken at 500 rpm fat R& hours
Reactions were worked up by the addition of HCI (16 pL, 3 M stock) and internal standard
(16 pL of 40 mM acetophenone in cyclohexane). Cyctahe (700 pL) was added and the

reaction was transferred into 4. Eppendorf tubes for extraction. The extraction was
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carried out with a Retsch MM 301 mixing mill (1 minute, 30 Hz / 1800 rpm). Samples were

centrifuged at 20000xg for 5 minutes at ,Rand the organic layer was used for
chromatographic analysis.

Table 28. Activity and selectivity of hemin controls, witype protein, and engineering lineage
intermediate proteins iBaproduct formation. Mean and standard deviationeveetermined from

two biological replicates of technical duplicates. The reactions were performed on analytical scale
(10 mM 2a, direct addition of 20 mM, 16-hour anaerobic reaction). n.d.: not determinguke
diastereoselectivity ratio (dr) is given@s:transand the enantiomeric excegs)(is given for the

major diastereomer.

Catalyst TTN dr ee (major)
Hemin 0.39+0.04 25:75 n.d.
Hemin + BSA 0.41+0.03 23:77 n.d.
RmaNOD WT 27+9 3:97 89%
ApePgb WT 18+2 81:19 69%
ApePgb Y60G 140 +40 82:18 96%
ApePgb W59A Y60G 360 + 90 85:15 96%
P41%kwms-UA 500+£130 89:11 94%

Table 29. Activity and selectivity of wildtype and engineering lineage intermediate proteibin
product formation. Mean and standard deviation were determined from two biological replicates of
technical duplicates. The reactions were performed on analytical(@€aimM2b, direct addition

of 20 mM 1, 16-hour anaerobic reactionyhe diastereoselectivity ratio (dr) is givenas.trans

and the enantiomeric exceg®(is given for the major diastereomer.

Protein TTN dr ee(major)
RmaNOD WT 34+4 17:83 71%
ApePgb WT 85+3 88:12 81%
ApePgb Y60G 125+3 83:17 94%

ApePgb W59A Y60G 570 + 50 80:20 94%
P41%kvs-UA 2500+130 91:9 >99%
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Table 210. Substrate scope and diastereoselectivity of the four final variants. Activities were
confirmed via GEMS. +: activity against the substrate. *: trace activity detedtedo detectable
activity. n.d.: not determined. Diastereoselectivity ratio is givenissans Variants with high
activity were characterized further in analytisahle Figure 28) and preparativecale Figure 2

9) reactions.

Alkene, product \P/g%g'ém'UA ApePgb AGW \P/g%IJfMB-UA RmaNOD Q52V
1-octene 8a) +,955d.r. +,89:11d.r. +,4:96d.r. +,<1:99d.r.
4-phenytl-buteng(3b) +,96:4d.r. +,684:16d.r. +,<1:99d.r. +, 3:97 d.r.
benzyl acrylate3c) +,91:9d.r.  +,71:29d.r. +,2:98d.r.  +,<1:99d.r.
6-bromo1-hexene &d) +,92:8d.r. +,92:8d.r. +,4:96d.r. +,<1:99d.r.
vinyl cyclohexane3e) * +,76:24d.r. ¥ *
methylenecyclohexan8f) * + + *
1-penter3-one @g) * +,89:11d.r.  * +, <1:99 d.r.
2-vinylpyridine 3h) * * * +, <1:99 d.r.
7-octenl-ol (3i) + +,91.9d.r. * *
7-octenl-oic acid @j) n.d. +,83:17d.r.  nd. n.d.
(B)-pental,3-diene(3K) +,96:4d.r. +,91:9d.r. +,31:69d.r. +, 4:96 d.r.
(2)-pental,3-diene(3l) +,55:45d.r. +,93:7d.r. +, 35:65d.r. +,35:65d.r.
5-hexen2-one Bm) T +, 94:6 d.r. T *

Preparative-scale, wholecell biocatalytic reaction setup and product purification

Whole cells resuspended in M®@supplemented with 25 mM glucose were brought into a

Coy anaerobic chamber. Whetell catalyst was added to unbaffled Erlenmeyer flasks,
followed by alkene (5 mM, 1.0 ecahd EDA (10 mM, 2.0 eq.) diluted in ethanol (5% final
ethanol cosolvent). The reactions were sealed and shaken at room temperature at 180 rpm
for 16 hours. The product was extracted three times from the aqueous reaction mixture with
1 volume eq. of 2:1 peane:diethyl ether. The organic layer was dried with sodium sulfate
and concentrated via rotary evaporation. The concentrated reaction mixture was then purified
via flash chromatography (Biotage, Inc.). Pentane:diethyl ether gradients were generally
more effective at separating the cyclopropane products from the EDA dimer byproducts.

Fractions containing cyclopropanation products were pooled and concemtnzdedo
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Table 211. Conditions for the preparativgcale reactions reported in tbleapter 3k and 3| were
run at higher reaction volume due to the lower molecular weight of the substrates (and
corresponding products).

Product Protein variant used Reaction volume (mL) Whole-cell ODso
3i ApdPgb AGW 40 8

3 ApePgb AGW 40 8

3k RmaNOD Q52V 80 10

3l ApdPgb AGW 80 10

3m ApePgb AGW 40 8

Large-scale protein expression and purification

HB-amp (1 L in 2.8 L unbaffled flask) was inoculated with 1% (v/v) overnight culture and
shaken at 37 °C and 160 rpm. At 0= 1.3 1.5 the flasks were chilled on ice for 20
minutes. Protein expression was then induced with a final concentration of 0.5 mM IPTG
and 1 mM5-ALA, and the cultures were grown for 24 hours at 22 °C and 140 rpm. The
cultures were pelleted (4000xg, 5 minutes, 4 °C) and frozeB0atC. The cells were
resuspended in binding buffer (25 mM Tris HCI pH 7.5, 100 mM NacCl, 25 mM imidazole).
Hemin (1 mg gwet celid) was added to increase heme loading of the protein, anceDNas
(0.1 mg mli 1) was added to reduce lysate viscosity. The cells were sonicated, the lysate was
clarified via centrifugation (20000xg, 20 minutes, 4 °C), and the clarified lysate was filtered
(0.45 um sterile filter). The protein was purified via HisTrdp mL column) on an
AktaPurifier (GE Healthcare Life Sciences), using 832® mM imidazole gradient over 10
column volumes. Fractions containing the protein of interest were pooled and buffer
exchanged via centrifugal concentration to a 25 mM Tris HCI @125 mM NaCl. The
buffer-exchanged protein was flaflozen and stored in 25 pL aliquots &0 °C. The
purified protein concentration was determined using the bicinchoninic acid assay (BCA

assay, Thermo Scientific) using the standard protocol provided.

Cloning, expression, and purificationfor crystallography

DNA encodingRmaNOD Q52V, ApePgh AGW, P413uwz-UA V87C, and P41dus-UA

V87F weresubcloned into a pET22b vector encoding atefhinally Histagged SUMO

fusion through PCR amplification and Gibs@s@mbly’t 0 gener adt ec ofinpsIUMQ t s
of each variantThe P41&us-UA variants were cloned into pSUMO as the heme domain

only by truncation to residue 468L21(DE3) E. cloniexpres<. coli cells (Lucigen)were
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transformed withthe pSUMO constructs Each was then expressed using the following

method A single colony was used to start an overnight culture wabp, which was grown

at 37°C and230 rpm. HBamp (1 L in an unbaffled 2-B flask) was inoculated with 1%
(v/v) overnight culture and shaken3t°C and160 rpm (NFors shaker). At Qg = 1.0 the
flask was put on ice for 30 minutes, induced with final concentration of 0.5 mM, EWG
supplemented with a final concentration of 1 mMI5A. The culture was shaken overnight
at 22°C and160 rpm. Flowing expression, the culture was centrifuged at 4000 x g for 10

minutes at £C and frozen at20 °C.

The pellet was thawed on ice and resuspended in resuspension buffer (25 mM Tris pH 7, 100
mM NacCl). The cells were lysed via sonicati@Sonica Q500 Sonicator). The lysate was
clarified via centrifugation (15 minutes, 20817 x g) and filtered throughiih2fllters. The
protein was purified on aAkta purifier (GE Healthcare) with a-finL HisTrap column
running a linear gradient betweesuspension buffer (25 mM Tris pH 7, 100 mM NaZi

mM imidazole)and elution buffer (25 mM Tris pH 7, 100 mM NaGD0 mM imidazole)
Fractions containing protein of interest were pooled and buffer exchanged into 25 mM Tris
pH 7, 25 mM NaCl, 5 mM DTT. Hisagged Ulp1 protease (a gift from Christopher Bley,
Hoelz lab Caltech) was addedand the proteolysis was allowed to proceed overnight.
Following proteolysis, the sample was passed through two hand columns with-NiTgkel
agarose bulk resin (Qiagen) tanmeve the cleaved Himgged SUMO and Hitagged Ulpl
protease. The flowhroughsolutioncontaining the protein of interest was buffer exchanged
and concentrated in 25 mM Tris pH 7, 25 mM NacCl buffer, and-fiasten in aliquots.

Crystallization of tagless RmaNOD Q52V

Sparsematrix screens were set up using 0.2 pL protein and 0.2 pL well soluttbna
Gryphon robotic platform (Art Robbins Instruments). Quasicrystals were found in Crystal
HT G10 (Hampton Research, 50 Cd(l11)SQs, 0.1M HEPES pH 7.5, 1.M sodium acetate
trinydrate). Testing other divalent metal salts resulted in Cu(i}@&0Oan equivalent
replacement for the cadmium salt. Refining from this condition usingedsitting-drop

well plates (Hampton Research), 2 uL protein solution and 2vgll solution yielded
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crystals in approximatelpne week in 40 mM Cu(I)S@ 0.1M HEPES pH 7.6, 1.2 M

sodium acetate trihnydrate. These crystals were cryoprotected with well solution
supplemented with glycerol (increased by steps of 5% sequentially up%ofifal

concentration glycerol) and flagiozen in liquid nitrogen.

Data collection and refinement

Diffraction data were collected on the Stanford Synchrotron Radiation Laboratory Beamline
12-2. As there are no previously reported structures fdRtheNOD scaffold, the data were
collected as single anomalous diffraction using the iron K ddg&t A) Data were
processed using XO% and three data sets were merged to increase anomalous signal
redundancy. The data were used with Aut®'Stdr experimenthaphasing and model
building. Following model building and initial refinements in PHENPGhain A of this
model was used as a search model. The highest quality data set was determined in
AIMLESS®? to have a highiesolution shell limit of 2.45 A. Moleculaeplacement was
performed using Phas&tR®* with the merged data set model as the search model. The
model was iteratively refined using PHENIX refine and C&0dnd validated with
MolProbity. Crystallographic and model statistics are describ&dbie 212.



Table 212. Crystal data and refinement statisticsRmaNOD Q52V.

Structure name

Engineered carbene transferé&gadNOD
Q52V, putative nitric oxide dioxygenase fro
Rhodothermus marinus

PDB ID 6WK3
Wavelength 1.74 A
Resolution range 43.651 2.45 (2.538 2.45)
Space group Cl21
Unit cell a=124.269, b =102.472, c = 84.273
Uu 8,9b = 98.529, o

Total reflections

248224 (25486)

Unique reflections

36943 (3600)

Multiplicity 6.7 (7.1)
Completeness (%) 95.98 (94.17)
Mean I/sigma(l) 13.34 (1.53)
Wilson B-factor 58.05

R-merge 0.09393 (1.464)
R-meas 0.1022 (1.581)
R-pim 0.03949 (0.5911)
CC1/2 0.997 (0.647)

Reflections used in refinement

36927 (3600)

Reflections used for Ree

1816 (177)

R-work 0.2077 (0.2991)
R-free 0.2467 (0.3343)
CC(work) 0.966 (0.785)
CC(free) 0.959 (0.723)
Number ofnon-hydrogen atoms 4680
macromolecules 4481
Ligands 198
Solvent 1
Protein residues 578
RMS(bonds) 0.004
RMS(angles) 0.74
Ramachandran favored (%) 99.30
Ramachandran allowed (%) 0.70
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.00
Clashscore 4.49
Average Bfactor 60.86
macromolecules 61.08
Ligands 55.85
Solvent 55.94
Number of TLS groups 1




Table 213 P45@uws isuper screeno

concentration unless otherwise noted.

crystallographic

Well Condition

Al pH 5.5 BisTris, 20% PEG 3350

A2 pH 5.5 BisTris, 10% PEG 4000, 0.2 M Mg£l
A3 pH 5.5 BisTris, 14% PEG 4000, 0.2 M Mg£l
Ad pH 7.0 HEPES, 1.3 M (NBLSQs, 0.2 M MgCh
A5 pH 7.0 HEPES, 1.6 M (NhLSQs, 0.2 M MgCh
A6 pH 8.5 Tris, 2 M (NH).SOQy

B1 pH 5.5 BisTris, 20% PEG3350, 0.2 M Na(HCOO)
B2 pH 6.5 BisTris, 10% PEG4000, 0.2 M Mg£l

B3 pH 6.5 BisTris, 14%PEG4000, 0.2 M MgGl

B4 3 M Na(HCOO)

B5 3.25 M Na(HCOO)

B6 3.5 M Na(HCOO)

C1 pH 8.5 Tris, 25% PEG3350, 0.2 M KNO

C2 pH 7.5 Tris, 10% PEG 4000, 0.2 M MgCl

C3 pH 7.5 Tris, 14% PEG 4000, 0.2 M MgClI

C4 pH 6.5 BisTris, 1.5 M (NH;)2SCQs, 0.1 M NaCl
C5 pH 8.5 Tris, 20% PEG 8000

C6 pH 7.5 HEPES, 15% PEG 20000

D1 pH 8.5 Tris, 25% PEG 3350, 0.2 M MgClI

D2 pH 8.5 Tris, 10% PEG 4000, 0.2 M MgClI

D3 pH 8.5 Tris, 14% PEG 4000, 0.2 M MgCl

D4 pH 7.5 HEPES, 20% PEG 550MME, 0.05 M CaCl
D5 pH 6 Cacodylate, 13% PEG3350, 0.14 M MgClI
D6 pH 6 Cacodylate, 18% PEG3350, 0.14 M MgCl

Small-scale lysate and purified protein reactions

Smallscale reactions were set up #m2. GC crimp vials. Lysate or purified protein was

6¢€
conditi or

diluted to the desired condeation with M3N buffer (no glucose added), added to the vials,

and brought into a Coy anaerobic chamber-{0@pm Q). To each vial was added sodium



dithionite (final concentration 2 mM), alkene (final concentration 10 mM), and E@Aal !
concentration 20 mM) with 5% ethanol as a cosolvent. Directly following addition of EDA,
the reaction vial was crimped and shaken at 500 rpm at RT. Reactions were worked up by
the addition of HCI (16 pL, 3 M stock) and internal standard (16 plOohM acetophenone

in cyclohexane). Cyclohexane (700 pL) was addead the reaction was transferred into 1.7

mL Eppendorf tubes for extraction. The extraction was carried out with a Retsch MM 301
mixing mill (1 minute, 30 Hz/1800 rpm). Samples were cargefl at 20000xg for 5 minutes

at RT, and the organic layer was used for chromatographic analysis.

Determination of hemin-catalyzed cyclopropanation activity

Hemin-catalyzed cyclopropanation reactions were set up as-soad reactions above;
hemin (50 puMfinal concentration) in MAN buffer, with or without 1 mg milt bovine serum
albumin (BSA), was brought into the Coy anaerobic chambenih Blass crimp vials. To
each vial vere added sodium dithionite (final concentration 2 mM), alkene (final
concentrabn 10 mM), and EDAL (final concentration 20 mM) with 5% ethanol as a
cosolvent. Directly following addition of EDA, the reaction vial was crimped and shaken at

500 rpm at room temperature for 16 hours.

Compound synthesis and characterization

General procedure A:

Rhodium acetate dimer (10 umol, 4.4 mg) and a stir bar were addedrtd_alg&am vial

and it was sealed with a septum. The sealed vial was purged with three cycles of vacuum and
argon. Neat olefin (8 mmol) was added to the vial. ERAngnol) was added in al®ur

slow addition on ice and reacted overnight at room temperature. The crude reaction mixture
was concentrateh vacuoand loaded on a SNAP Ultra silica flash cartridge. The reaction
mix was separated on an Isolera flash puaifon system (Biotage, Charlotte, NC) with a
hexane/ethyl acetate gradient. Fractions containing the desired product were pooled and
concentratedn vacuo Yields were approximatelyi 30%, due in part to both significant

EDA dimer formation and low convéos of the unactivated alkenes.
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General procedure B:

Rhodium acetate dimer (40 umol, 17 mg) and a stir leseadded to a scintillation vial and
sealed with a septum. The sealed vial was purged with three cycles of vacuum and argon.
The vial was chargedithh alkene (5 mmol) and dichloromethane (5 mL). ED&.0 eq.

diluted in 4 mL dichloromethane) was added at room temperature by slow addition over 2
hours and reacted overnight at room temperature. The crude reaction mixture was
concentratedin vacuo and loaded on a SNAP Ultra silica flash cartridge. Using
pentane/diethyl ether as eluents, the reaction mix was separated on an lIsolera flash
purification system (Biotage, Charlotte, NC). Fractions containing the desired product were
pooled and concentrat@dvacua Yields of pure fractions were approximatelydB8%, due

in part to both significant EDA dimer formation and low conversion of the unactivated
alkenes. This method is preferable for more volatile alkenes, and the pentane/diethyl ether
gradients appead to give better separation from the EDA dimer byproducts compared to

the hexanes/ethyl acetate gradient.

Determination of absolute configurations of the cyclopropane products

Absolute configurations oBa were confirmed by comparison to literature chiGgC.®
CyclositB column, 90°C isothermal, absolute configuration of products elute in ociker:

(1S, 2R 3a, (1R, 23 34, trans (1R, 2Ri 34, (1S, 2% 3a The absolute configurations of
other compounds in this study were not determined, but one edaidhem by analogy,
assuming the facial selectivity of the diazo reagents and olefins from which these products
were made remains the same for each protein variant. The inferred absolute configurations
provided here should be used with caution, undeistgrthat substrate effects could have
inverted the absolute stereochemistry. The chiral separation conditions for all cyclopropane
products are detailebelow andcan be utilized to compare the enzymatic products to an
absolute configuration authentic stiard in future studies. The optical rotations of some
isolated products were collected for additional characterization.



Ethyl 2-hexylcyclopropanel-carboxylate (3a)
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3awas synthesized with procedure B frorodtene2a andl to give3aas a 58:42 mixture

of trangcis-isomers. Bothrans- andcis-3aare known compound$:1®

Cis-3a: 'H NMR (300 MHz, Chloroforned) U 4J=17.3 HZ 2H), 1.66 (ddd] = 8.9,
7.8,5.5 Hz1H), 1.56i 1.43 (m, 2H), 1.38 1.22 (m, 12H), 1.08 0.90 (m, 2H), 0.90 0.82
(m, 3H).

Trans3a 'H NMR (300 MHz, Chloroforred) G 4J=171 HZ, 2H), 1.36 1.22 (m,

15H), 1.14 (dt)=8.7, 4.5 Hz, 1H), 0.900.84 (m, 3H), 0.68 (ddd,= 7.9, 61, 4.0 Hz, 1H).

HR-MS (FAB+): fragment i on gCHIOP Gidli7:Cochiculatéedh o xy gr o
153.1279, found 153.127.

Ethyl 2-phenethylcyclopropanel-carboxylate (3b)

o)
o

3bwas synthesized with procedure B fromlenyt1-butene2b andl1to give3bas a 57:43

mixture oftrangcis-isomers. &-3bis a known compountf.

Cis-3b: 'H NMR (300 MHz, Chloroformd) 0 i 7.223n¥, 5H), 4.20 (g, J = 7.1 Hz, 2H),

2.70 (t, J = 7.3 Hz, 2H), 1.93 (tq, J = 14.1, 6.7 Hz, 2H), 1. B66 (m, 1H), 1.34 (td, J =T,

0.7 Hz, 4H), 1.14 0.96 (m, 2H)13C NMR (75 MHz, Chloroforrd) o 173. 2, 142. 1,
128.4, 125.9, 60.5, 36.0, 29.0, 2118,4 14.5, 13.6.

Trans3b *H NMR (400 MHz, Chloroforred) 0 1 7.23318, 2H), 7.24 7.13 (m, 3H),
4.11 (qJ=7.1 Hz, 2H)2.72 (t,J= 7.7 Hz, 2H), 1.71 1.54 (m, 2H), 1.4% 1.31 (m, 2H),
1.26 (t,J = 7.1 Hz, 3H), 1.16 (ddd,= 8.8, 4.8, 4.1 Hz, 1H), 0.69 (ddd= 8.2, 6.3, 4.1 Hz,
1H). °C NMR (101 MHz, Chloroforr) a 174. 5, 141. 8, 128. 5, 128.
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35.2 22.6, 20.4, 15.6, 14.4. HRS (FAB+): [M+H]" C14H140, calculated 219.1385, found

219.1382.

1-Benzyl 2ethyl cyclopropanel1,2-dicarboxylate (3c)

General procedure A only produced trace amounts of the cyclopropane @odgeach
final protein varant produce@®c with high activity, preparativscale reactions were carried
out for each protein. The purified products were confirmed via NMR and used for chiral

separation method development and analyicale calibration curves.

Cis-3c (preparedrom P411UA V87C) 'H NMR (400 MHz, Chloroforred) U 1 7.284 2
(m, 5H), 5.15 (dJ = 12.3 Hz, 1H), 5.10 (dl = 12.3 Hz, 1H), 4.08 (qd,= 7.1, 1.0 Hz, 2H),
2.167 1.99 (m, 2H), 1.71 (td] = 6.7, 5.0 Hz, 1H), 1.281.23 (m, 1H), 1.20 ({J = 7.2 Hz,
3H). *C NMR (101 MHz, Chloroforrd) a 169. 9, 169. 9, 135. 9, 128.
61.2, 21.9, 21.7, 14.3, 11.9. H®&S: [M+H]* CisH1704calculated 249.1127, found
249.1125.Cis-3c optical rotation fromApePgb AGW product: {Jo??> = -17.0 ° (c 0.1,
EtOAc). Cis-3c optical rotation from P4%ls-UA V87C product: {Jo?? = +9.8° (c 0.1,
EtOAc).

Trans3c (prepared from P41WA V87F)H NMR (400 MHz, Chloroforred) U 7 7.294 3

(m, 5H), 5.13 (s, 2H), 4.14 (4= 7.1 Hz, 2H), 2.27 2.15 (m, 2H), 1.46 (ddd,= 8.3, 6.2,

1.8 Hz, 2H), 1.26 (t) = 7.1 Hz, 3H)1%C NMR (101 MHz, Chloroforrd) o 171. 8, 171.
135.6, 128.8, 128.5, 128.5, 67.0, 61.3, 22.7, 22.5, 15.7, 14:BISIR[M+H] * C14H1704,

calculated 249.127, found 249.1123Trans3c optical rotation from P4Xls:-UA V87F

product: [Jo??=-124.1° (c 0.1, EtOAC).
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Ethyl 2-(4-bromobutyl)cyclopropane-1-carboxylate (3d)

O
Br\/\/\v)J\O/\

Both cis- andtrans-3d areknown compound¥. 3d was synthesized with Procedure A from
6-bromo1-hexene2d and EDAL to give3d. The crudeisitransratio of this reaction was

not determined.

Cis-3d H NMR (400 MHz, Chloroforred) U 4J.=174 Hz 2H), 3.40 (t) = 6.8 Hz,

2H), 1.93i 1.80 (m, 2H)1.747 1.38 (m, 4H), 1.56 (s, 1H), 1.331.15 (m, 4H), 1.02 (td]

= 8.0, 4.5 Hz, 1H), 0.92 (ddd= 7.2, 5.4, 4.5 Hz, 1H}3C NMR (101 MHz, Chloroforr)

a 173. 1, 60. 5, 34. 0, 3 2. 6;MS gFB8B+4 Fragraeht.io8, , 21. 7,
loss d ethoxy group [M- CHsCH.0]" CsH12"°BrO,calculated 203.0072, found 203.0026.

3d fraction containing 71:28angcis diastereomeric mixture, reporting shifts characterized

astrans-3d. 'H NMR (400 MHz, Chloroforred ) U1 444 (h,12H), 3.40 (td, J =%.3.6

Hz, 2H), 1.94 1.79 (m, 2H), 1.72 1.46 (m, 3H), 1.39 1.31 (m, 2H), 1.31 1.19 (m, 4H),

1.22i 1.12 (m, 1H), 0.74 0.64 (m, 1H)3C NMR (101 MHz, Chloroforrd ) & 174. 5, 60. 5
33.8, 32.5, 32.3, 27.8, 22.6, 20.3, 15.6, 14.4.

Ethyl 2-cyclohexykyclopropane1-carboxylate (3e)

0
o

Synthesized with general procedure A from vinylcyclohexzesnd EDA1 to give3e The

crudetranscis ratio of this reaction was not determin@ils-3eis a known compountf.

Cis-3e 'H NMR (300 MHz,Chloroformd) & 7 4.041n§ 1H), 1.85 1.51 (m, 6H), 1.29

i 0.92 (m, 2H).X3C NMR (75 MHz, Chloroforrd) G4 173.2, 60.2, 35.8, 3:
26.4, 26.1, 25.9, 17.9, 14.4, 12.5. IS (FAB+): [M]* C12H200, calculated 196.1463,

found 196.1464.



Ethyl spiro[2.5]octane1-carboxylate (3f)

-
P N

o
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Synthesized with general procedure A from methylenecycloheXamed EDA1. 3f is a

known compound®

IH NMR (400 MHz, Chloroforrd) & 4 J4 711, 1(0cHd, 2H), 1.62 1.27 (m, 11H),
1.24 (t,J = 7.1 Hz, 3H), 106 (dd,J = 5.4, 4.3 Hz, 1H), 0.79 (dd,= 7.8, 4.3 Hz, 1H)13C

NMR (101 MHz, Chloroforne) a 173. 1, 60. 2, 37. 4, 30.

carbons), 25.7, 25.7, 20.6, 14.4. IS (FAB+): [M]* C11H180>, calculated 182.1307,
found 182.1282

Ethyl 2-propionylcyclopropane-1-carboxylate (3g)

Running general procedure B witkp&nten3-one2h produced no detectable cyclopropane
product3g; the primary products were diethyl fumarate, diethyl maleate, and an apparent
1,3dipolar [2+3] cycloaddition product (ethyl -Bropionyt4,5-dihydro-1H-pyrazole5s-
carboxylate)Trans3g was synthesized on arBmol scale with a racemic strategy adapted
from the chiral synthesis previously reportéo(ll) tetraphenylporphyrin (5 mol%, 168

mg) and 11.-dimethylaminopyridine (DMAP, 305 mg, 2.5 mmol) were added to-mn&0
scintillation vial with stir bar. The vial was sealed with a septum and placed under an Argon
atmosphere. Dichloromethane (18 mL) was added, followeddanien3-one2g (510 pL,

5 mnol). EDA 1 (725 pL, 6 mmol) was added via syringe pump over 2 hours. The crude
reaction mixture was concentratedvacuoand separated via flash chromatography with a
SNAP Ultra 25g column using a gradievit 0-20% diethyl ether in pentane. Fractions

confiningtrans-3g were concentrateid vacuoto give the desired product.

Trans3g*HNMR (400 MHz, Chloroforred) G 4J.=T.Z2Hz(2H), 2.63 (q] = 7.3 Hz,
2H), 2.49i 2.39 (m, 1H), 2.21 2.11 (m, 1H), 1.4% 1.35 (m, 2H), 1.27 ({1 = 7.1 Hz, 3H),

28
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1.08 (t,J= 7.3 Hz, 3H)13C NMR (101 MHz, Chloroforrd) &4 208. 2, 172.3, 61.

24.1, 17.2, 14.3, 7.8. HNIS (ESI+): [M+Na] CgH140sNa, calculated 193.0841 found
193.0819.

Cis-3g was synthesized based on a modified literature procedure of the methyl ketone
analog®® 3-Oxabicyclo[3.1.0]hexan&,4-dione (10 mmol) was added to anhydrous diethyl
ether under Argon. Ethylmagnesium bromide (9 mL of 1 M in diethyl ether, diluted from 3
M solution in diethyl ether, 9 mmol) was added dropwise over 20 mi8 &C. The reaction
mixture was allowed to warm to room temperature over 2 hours and stirred for 18 hours. The
reaction was then quenched with agueous ammonium chloride and extradiettiyiyether

(4 x 40 mL), dried over sodium sulfate and concentratedcuo The crude product was

used for the esterification step without further purification. Half of the crude product was
dissolved in ethanol (20 mL), thionyl chloride (1 mL) wasextjcand the reaction proceeded

at room temperature for 12 hours. The reaction was then quenched with aqueous sodium
bicarbonate and diluted with water and extracted with diethyl ether. The crude mixture was
purified via flash chromatography using a gratlieh 0i 50% diethyl ether in pentane.

Fractions containingis-3gwere concentrateid vacuoto give the desired product.

Cis-3g*H NMR (400 MHz, Chloroforrd) U i 4.042n@ 2H), 2.69 2.47 (m, 2H), 2.22
(ddd,J=9.3, 8.2, 6.7 Hz, 1H), 2.08 (dddi= 9.2, 8.4, 6.6 Hz, 1H), 1.70 (tdd= 6.7, 4.7,
0.6 Hz, 1H), 1.23 (J = 7.2 Hz, 3H), 1.22 1.15 (m, 1H), 1.07 (td, J = 7.3, 0.5 Hz, 3K

NMR (101 MHz, Chloroforrd) & 206.6, 170.1, 61.1, 36.9, 27.

Ethyl 2-(pyridin -2-yl)cyclopropane-1-carboxylate (3h)

Both trans- and cis-3h are known compound$.Cis- and trans-3h were produced by
refluxing 2vinylpyridine 2h (10 mmol) with EDA 1 (10 mmol) in toluene (20 mL)
overnight. The reaction yielded a 65:8%ns/cis mixture of distereomers. The crude

mixture was concentratéa vacuoand the product was purified using flash chromatography



74
with a SNAP Ultra 10g Biotage columnjID0% hexane:EtOAc gradient. Fractions

containing purdrans-3h andcis-3h were separable and concentratedacuoto give the
desired products (391.7 migns-3h, 290.7 mgeis-3h, 36% yield).

Cis-3h: *H NMR (400 MHz, Chloroforrd) U 8 . 9.9, (.9, 6.91Hz, 1H), 7.58 (td,
J=7.7,1.8Hz, 1H), 7.327.22 (m, 1H), 7.1Q¢ddd,J = 7.4, 4.8, 1.1 Hz, 1H), 3.90 (qd=
7.2, 1.5 Hz, 2H), 2.72 (td,= 9.0, 7.6 Hz, 1H), 2.2P 2.11 (m, 1H), 1.87 1.77 (m, 1H),
1.471 1.36 (m, 1H), 1.02 (td] = 7.1, 0.9 Hz, 3H)}*C NMR (101 MHz, Chloroforrd) U
171.1, 156.7, 148.9, 135.9,3.8, 121.6, 60.3, 27.2, 21.7, 14.0, 11.7.

Trans3hH NMR (400 MHz, Chlorofornd) U 8 . J4 3.9, (.9 HOHz, 1H), 7.54 (td,
J=7.7,1.8Hz, 1H), 7.21 (d,= 7.8, 1.1 Hz, 1H), 7.07 (ddd= 7.5, 4.9, 1.2 Hz, 1H), 4.15

(0,J= 7.2 Hz, 2H), 2.56ddd,J = 8.9, 6.1, 3.9 Hz, 1H), 2.23 (ddbi= 8.4, 5.5, 3.9 Hz, 1H),

1.59 (dddd)J = 13.8, 9.0, 5.8, 3.8 Hz, 2H), 1.26 Jt= 7.1 Hz, 3H).*C NMR (101 MHz,
Chloroformd) G 173.4, 158.9, 149.4, 136.0, 122.
MS (FAB+): [M]* C11H13NOz, calculated 191.0946, found 191.092.

Cis Ethyl 2-(6-hydroxyhexyl)cyclopropane1-carboxylate (cis-3i)

e - e

a
., - -y 1|L .,
HO e A "' ,_\_[:l__. -
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Cyclopropanation of the free alcohdl was performed via preparatigeale enzymatic
reaction ApePgbh AGW) to givecis-3i.

cis -3i *H NMR (400 MHz, Chloroforred) U 41 =172 HZ, 2H), 3.62 (t) = 6.6 Hz,

2H), 1.78i 1.61 (broad m, 1H), 1.66 (ddd= 8.9, 7.8, 5.5 Hz, 1H), 1.601.43(m, 4H),

1.417 1.29 (m, 6H), 1.26 (t= 7.1 Hz, 3H), 1.25 1.16 (m, 1H), 1.05 0.95 (m, 1H), 0.91
(ddd,J=7.2, 5.5, 4.4 Hz, 1H}3C NMR (101 MHz, Chloroforrd) U 173. 3, 63. 1,
29.7,29.2, 27.0, 25.8, 22.1, 18.3, 14.5, 13.5:MR(FAB+): [M+H] * C12H240s, calculated
215.1647, found 215.1648.

6 0.



Cis 6-(2-(ethoxycarbonyl)cyclopropyl)hexanoic acid ¢is-3))
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Cyclopropanation of the free carboxylic acjl was performed via preparatigeale

enzymatic reactionrApdPgb AGW) to givecis-3j.

Cis-3j 'H NMR (400 MHz, Chloroforred) & 119250 (@r6ad, 1H), 4.13 (4,= 7.1 Hz,
2H), 2.38i 2.29 (m, 2H), 1.71 1.58 (m, 3H), 1.58 1.40 (m, 2H), 1.40 1.30 (m, 4H),
1.2971 1.16 (m, 1H), 1.26 (t, 3H), 0.99 (td~ 8.1, 4.4 Hz, 1H), 0.91 (ddd,= 7.2, 5.4, 4.5
Hz, 1H).Trans-3j cyclopropane isomers (minor productcis-3j *H NMR): 1.14 (tdd,J =
7.1, 4.8, 2.5 Hz), 0.68 (ddd,= 7.8, 5.9, 4.0 Hz)'*C NMR (101 MHz, Chloroforrrd) i
179.4, 173.3, 60.4, 34.0, 29.4, 28.8, 26.9, 24.8, 21.9, 18.3, 14.5HRBMES (FAB+):
[M+H] * C12H2104, calculated 229.1440, found 229.1448

Ethyl (E)-2-(prop-1-en-1-yl)cyclopropane-1-carboxylate (3k)
O

S ,L P

S

- - v -~ hl:l e,
'-._V_.-
Both trans- andcis-3k are known compound$.Terminal alkene cyclopropanation ()-

pental,3-diene2k and EDA1 accomplished via preparatrgeale enzymatic reaction gave
cis-3k (ApePgb AGW) andrans-3k (RmaNOD Q52V).

Cis-3k 'H NMR (400 MHz, Chloroforrrd) 0 5 J#$16.4, 6.8 gz, 1H), 5.41 (ddd=
15.3, 8.6, 1.7 Hz, 1H), 4.224.03 (m, 2H), 1.89 1.78 (m, 2H), 1.67 (ddl = 6.5, 1.7 Hz,
3H), 1.26 (t, 3H), 1.28 1.10 (m, 2H)

Trans3k H NMR (400 MHz, Chloroforred) G 5 . J6=0A5.1( Gi5¢ @8, Hz, 1H), 5.03
(ddg,J = 15.2, 8.3, 1.7 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 1.95 (dddd9.4, 8.5, 6.3, 4.0
Hz, 1H), 1.65 (ddJ = 6.5, 1.7 Hz, 3H), 1.57 1.53 (m, 1H), 1.31 (ddd,= 9.2, 5.1, 4.3 Hz,
1H), 1.26 (t, J = 7.1 Hz, 3H), 0.91 (ddb= 8.3, 6.3, 4.3 Hz, 1H}3C NMR (101 MHz,

Chloroformd) G 173.9, 130.9, 126. 1, -MSQE+}-[M]*25. 0,

21.
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CoH1402, calculated 154.0994, found 154.09T4ans 3k optical rotation fromRmaNOD

Q52V product: [Jp?® = +164° (c 0.1, EtOAC).

Ethyl (Z)-2-(prop-1-en-1-yl)cyclopropane1-carboxylate (3l)
| O
o
Bothtrans- andcis-3l are known compound$ General procedure A was used to produce a
mixture of 8 possible cyclopropanes (internal and terminal) for chiral GC standarZjrom

pental,3-diene 2| and EDA 1. Stereoselective, terminal alkene cyclopropanation

accomplished via preparatigeale enzynte reaction ApePgbh AGW).

Cis-3I'H NMR (400 MHz, Chloroforrrd) U 5 . J5 60.9(6®qLd Hz, 1H), 5.34 (ddq,

J=11.0, 9.3, 1.8 Hz, 1H), 4.214.04 (m, 2H), 2.16 2.03 (m, 1H), 1.92 (ddd,= 8.8, 7.8,

6.0 Hz, 1H), 1.72 (dd] = 6.8, 1.8 Hz, 3H)1.25 (t,J = 7.1 Hz, 3H), 1.23 1.17 (m, 2H)C

NMR (101 MHz, Chloroforrd) G 17 2. 3, 127. 2, 126. 3, 60. 5,
Cis-3l optical rotation fromApePgb AGW product:[]p?3 = - 260° (c 0.1, EtOAC).

Ethyl 2-(3-oxobutyl)cyclopropane 1-carboxylate (3m)
O O

o~ A

- o . - U "

\‘. ..-"r
Cis-3m is a known compountf. General procedure B was used to produce a mixture of
55:45trandcis 3m, and a preparativecale enzymatic reactiod\gePgb AGW) produced

cis-3m.

Cis-3m H NMR (400 MHz, Chlorofam-d) i  4J.=%.8 Hz(2#l), 2.46 (td] = 7.3, 2.3

Hz, 2H), 2.13 (s, 3H), 1.941.62 (m, 3H), 1.26 (1] = 7.1 Hz, 4H), 1.06 0.86 (m, 2H)13C
NMR (101 MHz, Chloroforrad) 208.9, 173.2, 60.7, 43.7, 30.2, 21.8, 21.3, 18.6, 14.7, 13.8.
HR-MS (FAB+): [M+H]* Ci10H170s, calculated 185.1178, found 185.11Tls-3m optical
rotation fromApePgb AGW product:[]o?% = - 52°(c 0.1, EtOAC).



Compound chiral separation conditions

Table 214. Chromatographic separation conditionsl@nn dimensions: CyclosB 30 m length

X 0.32 mm ID x 0.25 um film thickness; ChiraldexT@ 30 m length x 0.25 mm ID x 0.12 um
film thickness; DBWAXETR (15/30 m) length x 0.32 mm ID x 0.25 pm film thickness; Chiralpak
IC 4.6 mm x 250 mm X 5 uym; Chiradk IA 4.6 mm x 250 mm x 5 pm.

Compound | Instrument / column Method Retention times
. o Cis67.9 min, 69.5 mintrans
3a GC-FID, CyclosilB 90 °C isothermal 81.7 min, 83.5 min
80 °C hold 2 min, 30 °qQ . . .
GC-FID, CyclositB min'*to 140 °C hold 40| &S 30-2 min, 30.9 mirtrans
: 35.7 min (unresolved)
3b min

HPLC, Chiralpak IC

Hexane: 0.8%
isopropanol isocratic

cis7.1 min, 7.3 min
(unresolved)trans8.9 min,
10.3 min

GC-FID, CyclosilB

80 °C hold 2 min, 30 °Q
min'tto 170 °C hold 30

Trans24.5 min (unresolved);
Cis26.4 min, 26.8 min

3c min
70 . .
HPLC, Chiralpak IC Hexane.16/9 _ C|s4.§ min (un_resolvedrans
isopropanol isocratic | 6.4 min, 7.2 min
. 100 °C, 2 °C milt to Cis25.1 min, 25.3 mintrans
3d GC-FID, Chiraldex GTA 170 °C 27.1 min, 27.2 min
80 °C hold 2 min, 30 °Q . , ,
. L ’ Cis44.7 min, 46.8 mintrans
- i1 o f
3e GC-FID, CyclositB m:g to 100 °C hold 80 76.6 min, 78.2 min
3f GC-FID, Chiraldex GTA 80 °C isothermal 50.05 min, 51.0 min
Hexane: 9% Trans8.7 min, 9.7 min (second
HPLC, Chiralpak IC ; e .| peak coelution with EDA
isopropanol isocratic dimer)
39 80 °C hold 2 min, 30 °Q
GC-FID, CyclositB min'tto 125 °C hold 12| Cis12.5 min, 12.7 min
min
80 °C hold 2 min, 20 °C
3h GGC-FID, CyclositB min'tto 120 °C, 6 °C | Trans13.7 min, 13.8 min
min'tto 180 °C
2i 8.4 min; EDA dimer
3 GCFID, DB-WAXETR | 80 °C hold 2 min, 10 °qQ (byproducts) 8.9 min, 10.1 min
(30m) min'to 170 °C cis-3i 14.5 mintrans3i 14.6
min
- 0
3ia HPLC, Chiralpak IA !—|exane. 0'5./0 . Cis8.7 min, 9.0 min
isopropanol isocratic
. GCFID, DB-WAXETR | 90 °C hold 2 min, 10 °« EPA dimer (byproducts) 5.0
j (15 m) min1to 250 °C min, 6.2 min, 2j 9.7 mimgis-3j
16.6 mintrans3j 16.7 min
- 10
3ja HPLC, Chiralpak IC Hexane: 1% Cis 24.9 min, 26.2 min

isopropanol isocratic
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Compound | Instrument / column Method Retention times
o . -~ | Terminal cyclopropane
3k GC-FID, CyclosilB BQ -,-? hold 2°m|n, 5°C productscis 9.5 min, 9.6 min;
min'*to 140 °C . )
trans9.9 min, 10.1 min
80 °C hold 2 min, 10 °Q Terminal cyclopropane
3l GC-FID, CyclositB min'tto 85 °C hold 20 | productscis15.8 min, 16.3
min min; trans17.6 min, 20.4 min
3m GC-FID, Chiraldex GTA 90 °C isothermal Cis112.7 min, 114.6 min

Calibration curves for analytical-scale TTN determination

Calibration curvesvere prepared with analogous conditions to the analytical scale reactions.
Cyclopropane product standards were diluted in ethanol and added (20 pL)NdNfer

(380 pL), with final concentrations of product ranging fron2@ mM (with two to three
techncal replicates). The samples were worked up the same as analyéilgateactions, by

the addition of HCI (16 pL, 3 M stock) and internal standard (16 pL of 40 mM acetophenone
in cyclohexane). Cyclohexane (700 pL) was added the samples were transéetinto
1.7-mL Eppendorf tubes for extraction. The extraction was carried out with a Retsch MM
301 mixing mill (1 minute, 30 Hz/1800 rpm). Samples were centrifuged at 20000xg for 5
minutes at RT and the organic layer was used for chromatographic ar@stgpropane
products for methylenecyclohexaBgand 2vinylpyridine 3h were set up in the same way,

with the exception of running ten single replicates over t2€ @M product range.

The ratio of the product area and internal standard (P/S ratio) etesnihed for each
sample, and a linear regression was performed for the P/S ratio versus the known
concentration in each reaction, with thiengercept set to 0. The resulting slopes were used

to determine the concentration of product in the analysicdé reactions, which is in turn

used to calculate the TTN per enzyme.
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Table 215. Information on engineered proteins in ti@apter All variants for biocatalytic reactions
were in pET22b(+) vectors lacking the pelignal peptide sequence and expressed in the E. cloni
EXPRESS BL21(DE3) E. coli cell straidNA and amineacid sequence information are deposited
on CaltechDATA(DOI: 10.22002/D1.143¢

Protein Original organism Mutation(s) with respect to WT
ApePgb WT Aeropyrum pernix
ApePgb Y60G Aeropyrum pernix Y60G
ApdPgb W59A Y60G Aeropyrum pernix W59A Y60G
ApePgb WS9A YB0G F14SW  pq o rim pemix  W59A Y60G F145W
("AGW")
RMANOD WT Rho_dothermus
marinus
RMAIOD Q52V Rho_dothermus 052V
marinus
V78A, F87V, P142S, T175I
. . Al184V, S226R, H236Q, E252C
P41%ums-CIS Bacillus megaterium T268A. A290V. L353V, 1366V,
C400S, E442K
. : P411CIS, L75Y, L181l, L437F,
P41%wms-UA Bacillus megaterium T438Q
. . P41%CIS, L75Y, V87C, L18ll,
P41%wvs-UA-V87C Bacillus megaterium L437F, TA38Q
P41%ms-UA-V87F Bacillus megaterium P411CIS, L75Y, V87F, L18ll,

L437F, T438Q
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Abstract

While biocatalysis is increasingly incorporated into drug development pipelmes,
biocatalysts in pharmaceutical production were engineered after drug development was
completed. Incorporating biocatalysts ietarly stages of drug discovasquires the ability

to rapidly build molecular diversityBy engineering protegito produe chiral motig with
derivatizable functional handigbiocatalysts can be used to help generate diverse building
blocks for drug discovery. Here we show the engineeritiggdfieme proteiRhodothermus
marinus nitric oxide dioxygenaseRma\OD) for the distereodivergenformation of a
pinacolboronateubstituted cyclopropanghich can be derivatizedsing crossoupling
reactions to generate diverse stereopure cyclopropane building blodkese
cyclopropylboronates can be prepared at gram scale usipbillged biocatalysts and

purified in a columrfree approach through distillation or trifluoroboration.
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3lLeveraging biocatalysis in the drug de
Since the beginning of the second wave of biocatatysigymes have been engineered for
and applied to the synthesis of myriad molecules of industrial interest, froralae; high
volume fuelé® and specialty chemicdlto valueadded fine chemicals such as flavors and
fragrances.One application where ¢hadvantages of biocatalysis have truly shone is the
synthesis of pharmaceutical compounds. The chemgic, and stereoselectivity required
in the synthesis of complex pharmaceuticals can be met by a single enzyme engineered for
this specific functionThe high value of pharmaceutical compounds offsets the substantial
cost of protein engineering and biocatalyst production. It is therefore unsurprising that
intensive academic and industrial research and development have gone into the discovery

and engineing of enzymes to synthesize pharmaceutical compdifids.

The early stages of a drug discovery and development pipeline require the ability to rapidly
generate tens to hundreds of grams of a candidate drug for further $femlidsocatalysts

to outperbrm the competing chemical processes, the speed at which they can carry a project
from initial activity determination to industrial production is cruéi#l. The field of protein
engineering has made great strides toward faster and more efficientlsbciaelopment,

which has begun to bring biocatalysis into the drug development pipeline, albeit after the
drug candidate has been identified and is in clinical trials. Integrating biocatalysis even earlier
in the drug development pipeline requires exang and overcoming current limitations of
biocatalysts, namely their narrow substrate scope and the time required to engineer them for
the desired activity. To determine where biocatalysts can fit earlier in the drug discovery
pipeline, we must look at ¢hworkflow of the drug discovery pipeline and examine what is
needed at each stageéiqure 31). The drug discovery development pipeline starts with
idertifying a target for treatment, typically a key protein for which an inhibitor could be
developed. Following this, a screen to assay fitness (e.g. protein inhibition) is developed, and
large libraries of small molecules are tested. Molecules identifiethiststage (lead
fragments) are used as a core motif for further derivatization and optimization. When a
molecule has been optimized and has met the features required for its function, it will move

into clinical trials for approval by the FDA and otherulegory agencies.
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Compound Lead

Target identification » screening, hit identification,
validation optimization

Figure 31. Drug development pipeline. Target identification: determination of which biomolecule
of interest will be targeted for the therapeutic effect. Compound screening and hit validation: screen
smaltmolecule libraries and determine which have the desired therapeutic effect. Lead
identification and optimization: lead fragments are derivatized and decorated to improve their
therapeutic effect. Clinical trials: drug candidates are tested for dffiiacy and safety to be
approved by regulatory bodies (e.g. FDA).

The lead identification and optimization stage of drug discovery, in which lead fragments are
diversified to improve their efficacy, is a highly attractive stage for the incorporation of
biocatalysts. At this stage, a lead fragment might already require several synthetic steps to
produce and generating decorated analogs requires either selective functionalization of the
lead fragment or modifying the synthetic route to incorporate diversgidnal groups.
Enzymes have been shown to excel at selectivafatg functionalization in natural product

and pharmaceutical syntheses, installing functional groups with high selettivity.
Developing a set of enzymes to selectively produce dazdnsdreds of decorated analogs

of the lead fragment will take a long tirmat a stage of drug development in which speed is

a crucial factor. Instead, employing an enzyme to produce a single analog of the complex
chiral lead fragment with high selectiyj which is readily derivatized by commonly used
methods in diversitpriented synthesis, would then allow for the use of standard medicinal
chemistry diversification libraries and pipelines which have been developed and optimized

over decadeg{gure 32).12
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Figure 32. Expanding cyclopropane diversity through selective installation of derivatizable
functional groups. (a) Enmyes can catalyze reactions with high specificity and selectiwity

often suffer from a narrow substrate scope. (b) Combinatorial chemistry approaches can be used to
install diverse functional groups, but can lack the stereoselectivity control neegleterate the

target compound. (c) Enzymes with high activity and selectivity for a single transformation can be
coupled with combinatorial chemistry approaches to generate a diverse array of substituted
cyclopropanes.

Combining traditional synthesis andzgmatic synthesis has been a cornerstone of the
biocatalysis field for decades; these chemoenzymatic approaches use the specificity and
selectivity of enzymes together with weltablished synthetic steps, where the optimal
catalyst for each step is uséd.many cases, a key synthetic step which sets one or more
stereocenters is performed enzymatically, preceded or followed by chemical synthetic
stepst¥® Coupling enzymes with combinatorial chemistry has precedent as well;
researchers have shown the alsehemoenzymatic approaches to diversify small molecules,
with decarboxylases generating substrates for olefin metathé¢sikggenases generating
substrates for crossoupling reaction$’'® and carbene transferases installing nitrile

moieties for comersion to a variety of functional groufss.
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Substituted cyclopropanes are prevalent pharmaceutical and agrochemical

compoundg?22 The ability to rapidly produce derivatives of a stereopure cyclopropane
could be used in lead fragment optimizatiomssist future drug discovery and development
efforts. Boronate ester moieties are ubiquitous in medicinal chemistry due to their robust
activity in the presence of a wide range of functional groups and their efficacy in convergent
synthesis of complemolecules? Therefore, | envisioned that an enzymatically produced
pinacolboronate (Bpirgubstituted chiral cyclopropane could be used as a substrate for
SuzukiMiyaura crosscoupling reactions to generate a diverse array of substituted
cyclopropanes. Idight of our previous studies that showed thamle proteinscan be
engineeredo generate the cyclopropanentaining pharmaceuticgd$® | chose to develop

a chemoenzymatic strategy to produce a cyclopropane motif with a functional handle, which
couldthen be derivatized to form substituted chiral cyclopropanes. To realize this approach,
| set out to engineer heme proteins to catalyze the stereoselective cyclopropanation via
carbene transfer of ethyl diazoacetate (EDA) and vinylboronic acid pinaeglgsterating
2-(4,4,5,5tetramethyi1,3,2dioxaborolar2-yl)-cyclopropanecarboxylic acid ethyl ester
(Figure 33).

o)

heme protein A
pinB/\ + HJ\OEt ™  pinB CO,Et
N

1 2 3

Figure 33. Proposed enzymatic reaction of vinylboronic acid pinacol edferafid ethyl
diazoacetate?) to form the cyclopropylboronate est8}).(

32l nitial actiontgndeeehamoament Vi
The first step in a directed evolution campaign is the identification of paretain
candidates with promiscuous activity for the reaction of interest. The-mdfi@ity screen

for the reaction ot and2 was carried out using a panel of hebiading proteins which had
been engineered for a variety of heoatalyzed, nevio-nature reaction$. This collection

of enzymes includes cytochromes P#a0 serineligated cytochromes P4dys,

a
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cytochromesc, and globns (Supplementary Informatiod,able 31). The activity was

determined by GO@AS, with mass fragmentation and retention time of the
cyclopropylboronate gapared to the authentic product standard. The best initial activities
for the formation otis- andtrans cyclopropylboronate were shown Bgropyrum pernix
protoglobin W59A Y60G F145WApaPgbh AGW) andRhodothermus marinustric oxide
dioxygenase Q52ARmMaNOD Q52A), respectively. Both variants were developed during
the engineering for the cyclopropanation of linear, aliphatic alkéidsese proteins were

also tested for their ability to use alternative commercially aviglboronate esters such as
MIDA ester and dibutyl ester, but only the pinacol ester showed detectable cyclopropanation
activity. The initial stereoselectivity was good, withePgb AGW catalyzing the formation

of the cyclopropylboronate ester with 96idslereomeric ratio (dr) and 96% enantiomeric

excess (ee, determined by chiral-GID).

Singlesite-saturation librariesvere generated fokpePgh AGWat amineacid residues 63,
86, and 90Hits were identified in screening, batibsequent validation girotein variants
identified as hits in screeninigiled to verify improved variantsin parallel, screening
RmaNOD Q52A for enhancettans-cyclopropylboronate activityielded varianRmaNOD
Y32T Q52A, with 420 TTN and an inversion of diastereoselectivitynfl 7:83cis:transto
90:10 cisttrans (Figure 3-4). RmaNOD Y32T Q52A produced the sammajor cis-
enantiomer agpePgb AGWwith 99% ee, buwith higher activity We therefore used the
RmaNOD Y32T Q52A variant for further evolution.
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Figure3-4. Location of residues 32 and 52 in RmaOD scaffold, based on tiRmaNOD Q52V
crystal structure (PDB IDBWK3). Residues Y32 and A52 are shown in blue. The Heooed
acetate is omitted for clarity.

As we had thus far only targeted a small subset of the asiteseesiduesye expanded the
search to include several more acibite residuesnlorder to s@en a larger sequence space
without increasing the overall screening time with a medinmoughput GEbased screening
method, we opted to reduce redundancy by screening 44 clones per library rathiee than
usual88. Screening only 44 clones for a@2mbe library still has an 86% library coverage
(compared to 98%overageor 88 clones per library) while allowing for higher sequence
space coverag&upplementary Informatiofigure 311).

UsingRmaNOD Y32T Q52A as parent, esecond round of sisaturation mutagenesise
targeted residues M31, F36, Y39, F46, L48, P49, 153, L56, R79, R86,avf%,101,
screening 44 colonies per librgiyigure 35). This round of engineering yieldeeneficial
mutationsat positions 39, 48, 79, and &esidues39 and 48 are in the distaémepocket
butR79 and R86 coordinate with the heme carboxylate; the underlying cause for the activity
enhancement at thesesgmns is unclear It is noteworthy that the mutations at R79
enhanced activity at the cost of diastereoselectivity, while mutaefioesidues39 and 48

enhanced diastereoselectivity. We therefore recombined the mutations at these ;pbsitions
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combinaion of mutations Y32T, Y39H, L48R, Q52A, and R79W was found under screening

conditions to both improve activity and stereoselectivityis variantRmaNOD THRAW,
displays 1300 total turnovers (TTN) while maintaining high dr (#6rans) and greater
than 99% eeHRigure 36a).

Figure 35. RmaNOD scaffold (PDB ID: 6WK3) displaying residues targeted indiseselective

linecage Resi dues target ed f-carbonmsphdres.desitians dt whictathee s h o wn
final variant contained a mutation relative RsnaNOD WT are shown in blue; other targeted

positions are shown in green.
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Figure 36. Activity and diastereoselectivity of thgs- and trans specific lineages for the
formation of3. Variant names are listed as parent protein plus new aaaidasubstitution(s). Data
points are from biological duplicates of technical triplicates.

In parallel tothe engineering which generated tieselective varianRmaNOD THRAW,

we targeted th&maNOD scaffold to engineer teans-selective protein variant. Theans

selective lineage evolution was led by my collaborator, Bruce Wittmaitgsaturation
mutagenesis libraries were generated at positions 31, 36, 46, 49, 53, 56, 79, 89, and 101 using



RmaNOD Q52A as the parer(Figure 37). We screened 44 colonies per libraagd
identified mutation L101N, which improved diastereoselectivity for tila@sproduct

without significantly affecting enzyme activififigure 36b). In thesecondyenerationsite
saturation mutagenesis libraries were generated at positions 35, 42, 53, 56, 60, 79, 96, 97,
and 125, usinRmaNOD Q52 L101N as the parentdere, we identifiedbeneficial
mutations at positions 56 and 60, with L6&sthemost beneficial on@efined agnhancing

activity the most while retaining diastereoselectivity).

o

Figure 37. RmaNOD scafbld (PDB ID: 6WK3) displaying residues targeted intitams-selective

|l ineage. Resi dues t ar g e t-eanhon bphares. Rositicngat whietsties ar e s h
final variant contained a mutation relative RmaNOD WT are shown in blue; othé¢argeted

positions are shown in green.

Becauselte activity ofRmaNOD Q52A L60H L101N was still low, we continued with two
further rounds of sitsaturation mutagenesis. UsiRgndNOD Q52A L60H L101N as the
parent, in the first round, we targeted positigiis28, 43, 47, 48, 55, 59, 94, 105, 111, and
121, identifyng beneficial mutations at positions 55 and 1@&h mutation 1105Mbeing
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most beneficialln the final round of sitsaturation mutagenesis, wereased the coverage

of the first and secondhell residues byargeing positions 16, 19, 20, 23, 24, 27, 28, 31,
36, 46, 49, 56, 79, 98, 100, 108, 109, 112, 117, and 118, nowRisia¢OD Q52A L60H
L101N I1105M as the parent. From these librariesdigeovered the beneficiahutations
L20W, M31F, L5@&\, and L56l In a recombination library of thedeur mutations, we
identified RmaNOD L20W Q52A L561 L60H L101N 1105M as the combination with the
greatestenhancemenin activity with 2300 TTN while maintaininggreater than 99:1
transcisdr and 99% eeHigure 36b).

3.3 Derivatization of <yulpdopmgpyllat o ma
We successfully engineered heme proteins to catalyze the forroatioecis enantiomer

and onerans enantiomer of the cyclopropylboronate, but we still lacked enzymes for the
other two stereoisomers. We then looked for a chemoenzymatic solution to achieve
stereodivergence. We hypothesized that a combination of igttenetive and stereoinvertive
crosscoupling reactions could be used to access each of the four stereoisomers of the
derivatized cyclopropyl esteFigure 38). This would require the stereocenter adjacent to
the ester to have inverted to form the opposite diastereomer. In contrast, inversion at the
stereocenter adjacent to the Bpin moiety would not lead to all four sterecisomers through
stereoretentive astereoinvertive crossoupling reactions. Using chiral GC, we determined

that RmaNOD Y32T Q52A andApd’gbh AGW formed the same stereocisomer of the
cyclopropylboronate product. A8pePgh AGW andRmaNOD Q52V were known to
catalyze the cyclopropanation ofottene and EDA to form stereoisomers differing at the
ester stereocenter, we hypothesized thatctheand trans RmaNOD variants also had
inversion at the ester stereocentand could therefore be used to access all substituted

cyclopropane stereoisomers.



(¢
R\v"J 07
c
>3L 5,
O’Bh'v'.‘“\()/\

d ¢

o R, JLO/\
ST+ e v
.B o
0 ﬂ le o

()‘Be.,v)kof\

a: cis-selective heme protein R,
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c: stereoinvertive cross-coupling catalyst
d: stereoretentive cross-coupling catalyst

Figure 38. Proposed access to all four stereoisomers of derivatized cyclopropane esters. Accessing
all four stereoisomers requires the abilityetther enzymatically generate all cyclopropylboronate
stereoisomers or generate cyclopropylboronate esters with an inverted stereocenter at the ester and
access to stereoretentive and stereoinvertive -cagsling reactions.

Biscoe and coworkers reportegaction conditions for the enantiodivergent crosspling

of diverse trifluoroborate®. As the interconversion between pinacolborane and
trifluoroborate functional groups is a weltablished singlstep synthesi®, we
hypothesized that applying tleesrosscoupling conditions to trifluoroborated derivatives of

our cyclopropylboronates would enable access to all four stereocisomers without requiring
the discovery of two more enzymes with complementary stereoselectivity. To this end, we
began a collabation with Julie Hofstra, a graduate student studying @rospling
reactions in the Reisman lab at Caltech. To test the trifluoroblosaed crossoupling
reactions, she prepared the trifluoroboiaibstituted cyclopropane from timaNOD
THRAW enzymaic product Figure 39a). Unlike the cyclopropylboronate, which was an

oil, the trifluoroborated product was solid; we hypothesized that this produtd be
crystallized to confirm the absolute configuration of our product. Indeed, the trifluoreborate
substituted cyclopropane froRmaNOD THRAW crystallized and its structure was solved
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via X-ray crystallography; the absolute configuration determinatbr(1R2S is in

agreement with the configuration proposed by analogy to the cyclopropanatiacteh#

and EDA® and lends further evidence toward the hypothesis that the stereocenter inverted
between theis- andtrans RmaOD biocatalysts is adjacetut the ester. We attempted to
crystallize theéranstrifluoroborated cyclopropane product to confirm this, but crystallization

attempts were unsuccessful.

With trifluoroboratesubstituted cyclopropanes in hand, the stereodivergent@vapting
reaction onditions were tested. While the stereoretentive erogpling reactions proceeded
well, the crossoupling reaction conditions reported by Biscoe and coworkers to be
stereoinvertive resulted in either stereoretentive erogpling or no reaction. Discsions

with the authors revealed that the steric hindrance of small carbocycles prevented
stereoinvertive crossoupling; as such only the stereoretentive comegling reactions
would demonstrate activity. Despite the challenges encountered in perfotheng
stereoinvertive crossoupling reactions, both trifluoroborateand Bpinsubstituted
cyclopropanes can be used in stereoretentive-cmgding reactions to generate substituted
cyclopropanesHigure 39b). A potential future application of enzymatic diversityented
synthesis would be the installation of trifluoroborate moieties on molecules other than
sterically hindered carbocycles, thus allowunge of the enantiodivergent crassupling

reactions?
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Figure 39. Derivatizations of3. (a) 3 can be reacted with potassium bifluoride to form the
trifluoroborated sal. (b) Cyclopropylboronatd was converted to multiple arylboronates through
Pd-catalyzed crossoupling reactions while retaining high enantioselectivitye yields reported
are for the crossoupling step starting from isolatetiR29-3.
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3.4 Reaction engivmisecerlien g rfoadru cprieopna roaft i
cyclopropyl boronates
The efficient production and purification of large quantities of a compound are crucial for a
diversity-oriented synthesis approach with the goal to generate derivatives of a lead fragment.
| therefore investigad potential improvements to both the reaction engineering and

downstream processing of the enzymatic product.

3.4.1 Buffer optimization

During directed evolution for cyclopropylboronate production, we noticed a nonlinearity in
our calibrationcurves, with decreased rate of response at low product concentrations. In
preparativescale reactions, we observed the hydrolysis of the pinacolboronate to the free
boronic acid and thus attributed the nonlinearity of our calibration curves to thisfoss i
product formation. As MW buffer has a high concentration of magnesium (which could
promote hydrolysis), | hypothesized that buffer optimization could remove the undesired
hydrolysis. Using MOPS buffer in place of M®did slightly decrease the nonlimia
(Figure 310), but the hydrolyzed cyclopropylboronic acid was still observed in preparative
scale reactions. Instead of furthering buffer optinnraefforts,we focused on approaches

to reprotect the cyclopropylboronic acid. A mixture of cyclopropylboronate ester and
cyclopropylboronic acid can be efficiently reprotected in organic solvent with the addition
of excess (2 equivalents) pinacol in fresence of magnesium sulfate.
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Figure 310. Nonlinear response behavior of the cyclopropylboronate compounds.

3.4.2 Lyophilized biocatalyst formulation

To enable access to these engineered biocatalysts for chemists withoutiltced c
experience, | tested the formulation of the enzymes as lyophilized whole cells. Proteins have
long been lyophilized to improve their shelf life and stoffgand many commercially
available enzymes sold today are formulated as lyophilized poviRigiser than preparing
biocatalysts as fresh cells each time a reaction is required, the biocatalyst is produced in a
largescale fermentation, which eliminates batotbatch variability in specific expression

and activity levels and allows for robust pees optimization. Lyophilizing biocatalysts as
whole Escherichia colicells rather than cell lysate or purified protein decreases cost by
removing additional lysis and purification steps, removes the requirement to exogenously
add expensive redox cofactprand in some cases provides enhanced stability to the
biocatalyst relative to purified lyophilisat&®| therefore prepared largeeale cultures (1 L)

of RmaNOD THRAW andRmaNOD WAIHNM and lyophilized the wholeell pellets. The
resultant lyophilisatevas ground into a fine powder with a mortar and pestle to facilitate
weighing and adding catalyst to reaction vessels. The lyophilized cell powder could be

dissolved into aqueous buffer and remained active for cyclopropylboronate formation.
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Lyophilized biaatalysts allow for reactions being performed in the presence of minimal

amounts of water. While water is viewed as a green solvent, starting the reaction in it simply
adds a second waste stream if the downstream processing requires extracting the sompound
into organic solvent. Biocatalysts have been used extensively in organic solvent systems.
Lipase reactions are a great example, as their reaction equilibrium is dependent on the ratio
of water and substrate. Performing reactions directly in organierdgalvalso beneficial in

cases where the substrate is poorly soluble or unstable in water. Rother and others have
shown multiple examples of the efficacy of biocatalytic reactions run in organic solvent and
1-5% water using lyophilized whole cells, eithdirectly in solutiof?or wi t hin fAt eabarc
membranes for easy catalyst remo¥aRnalyticatscale experiments with lyophilized
RmaNOD THRAW andRmaNOD WAIHNM cells in methyltert-butyl ether with 15%

aqueous buffer added showed that iacatalysts were still active under miexqueous
conditions, though the drastically different reaction conditions prevent product extraction
and comparison to the product standard calibration curves generated from aqueous samples.
Further work on micr@queous preparativecale reaction optimization could enable an
alternative biocatalytic synthesis and product isolation workflow; this could be particularly
promising for cyclopropylboronate formation, as performing the reaction under low water

content hashe potential to decrease pinacolboronate hydrolysis.

3.4.3 EDA addition optimization

In scaleup reactions, whether with fresh or lyophilized whole cells, a pad of cell debris
would form at the surface where the EDA was being added dropwise. Switclarigrig

needle that inserted into the solution instead of dropping EDA on top of it prevented the
formation of this cell debris pad. | noted the distinct formation of gas bubbles at the point the
needle tip inserted into solution, which indicated thaBbé was rapidly consumed at the

point of addition, evolving nitrogen at that point to form a bubble. | hypothesized that the
local concentration of EDA at the needle tip (and thus the concentration of the EDA solution
added via slow addition) was a cruga@rameter. Previously, the concentration of EDA in

the syringe was 800 mM, the same as we used in our screening assay. After testing the

solubility limit of EDA in water:ethanol mixtures, | diluted the EDA solution being added
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via slow addition to 163 mMincreasing the water content of the EDA solution) while

maintaining the same final reaction volume. The resuRamiNOD THRAW preparative
scale reaction had decreased EDA dimer formation and was used in the trifluoroboration
product isolation describecelow to yield the trifluoroborated enzymatic product in 52%

isolated yield.

3.44. Efficient product isolation

Downstream processing is a crucial consideration for any product synthesized in large scale;
an efficient process to separate and purify theymrioidom the catalyst and byproducts needs

to be developed. At laboratory scale, this is typically performed with some combination of

acid-base extractions, solvent extractions, and silica column chromatography.

In the case of cyclopropylboronate syntkesiie final reaction mixture contains whalgll
biocatalysts, cyclopropylboronate product, the EDA dimer byproducts diethyl maleate and
diethyl fumarate, and unreacted starting
the cyclopropylboronic@d, silica column chromatography resulted in poor isolated yields.
We examined alternative methods to efficiently isolate the cyclopropylboronate product. One
option was distillation; the vinylboronate starting material, EDA dimers, and
cyclopropylboronat product have different boiling points. Using rotary evaporation to
remove starting material and a Vigreux distillation column to remove EDA dimers, 3.7 g of
cyclopropylboronate were purified from a crude reaction extract in a column free approach
(36% ilated yield, 41% isolated yield based on recovered starting material, 95:5 dr, 99%
ee). Further iterative optimization of the reaction and downstream processing will improve
the yields, while decreased starting material and byproducts in the finalmembtiare will

make downstream processing more efficient.

A second option explored was the trifluoroboration of the cyclopropylboronate to the
trifluoroboratesubstituted cyclopropane. Previously, the trifluoroboration was carried out on
purified cycloproglboronate, buby performing the trifluoroboration on a crude reaction
mixture, both the cyclopropylboronate and the free boronic aait be convertetb the

trifluoroborate salt. This enables an alternative purification procedure for our cyclopropane

mat el



10¢
product. First, organic solvent is used to extract the cyclopropane, starting material, and EDA

dimer byproducts from the aqueous reaction. Concentratinghtkigre in vacuoremoves

the organic solvent and the volatile starting material. This remaininge cmixture,
consisting of primarily cyclopropylboronate, cyclopropylboronic acid, and EDA dimer
byproducts, is used as the starting material for aestéiblished trifluoroboration reactiéh.

The reaction can then be lyophilized to remove the more kotatianic compoundsnd

the cyclopropane product can be separated from the fluoride salt with an acetone extraction.
This technique minimizes loss of cyclopropane product from pinacol deprotection and
provides a coluntfree and scalable approactitie tifluoroborate salt. Using this approach,
lyophilized whole cells harboringmaNOD THRAW were used in a-tnmol scale reaction

to produce the cyclopropylboronate; the cyclopropylboronate was purified as the
trifluoroborate salt with a 52% isolated yield both steps. The trifluoroboration and

distillation approaches can both be performed at large scale with further optimization.

3.4.5 Assessment of carbene precursor scope

The ability to generate diverse cyclopropanes from the cyclopropylboronatdesl limpart

by the carbene precursor used; we were therefore interested in testing diazo compounds in
addition to EDA.RmaNOD THRAW andRmaNOD WAIHNM were examined for their

ability to form and transfer five additional diazo esters and ketones to vinykt@produce
alternate cyclopropylboronates. In each case, however, there was no formation of the
cyclopropylboronate detected. To expand the cyclopropylboronate repertoire, it appears that
a substratevalk engineering approach is needed, where onednetss for carberansfer

activity on styrene and other model substrates. Once the enzyme has been evolved to accept
alternative diazo compounds as carbene precursors, these variants can be assayed for their
ability to accept vinylboronate substratessidilar approach was required for organoborane

synthesis, with a separate engineered lineage for each diazo cordpound.

3.Concl usions
Chemoenzymatic approaches can coupke specificity of biocatalysts with the broad

substrate scope of smafiolecule ctalyststo rapidly generate chiral small molecule



libraries. Variants oRmaNOD were engineered for diastereodivergent cyclopropanatioil(,)‘
stereoselectively formin@. We demonstrated th& could be further derivatized with
standard Suzuliliyaura crosscoupling reactions. The reaction conditions and downstream
processing protocol were modified to increase the isolated yield and improve the ease of
isolation of3. Further condition optimization could improve the yield and/or productivity of

the process, geraing3 at large scale.

3.Suppl ementary information for Chapter
Materials and instrumentation

Solvents and reagents were ordered from Sigma Aldrich, TCI, Aurum, or Alfa Aesar and
used without further purification. GEID data were collected on Shimad&G17A and
Agilent 7820A GC systems. GNIS data were collected on a Shimadzu GCOF2010 SE

and Agilent 7820A with 5977B MSDH NMR, B NMR, and'*C NMR spectra were
recorded on a Bruker Prodigy 400 MHz instruméHtNMR spectra were recorded at 400
MHz, 1'B NMR spectra were recorded at 128 MHz, &i@NMR spectra were recorded at
101 MHz. For'H NMR and3C NMR, chemical shifts were normalized to the deuterated
solvent 0s pr ozt NMRARaPppMICWMR 7C.H6Gpm; DMS@I5: *H

NMR 2.50 ppm,**C NMR 39.52 ppm)*F NMR were recorded on arian 300 MHz

instrument**F NMR spectra were recorded at 282 MHz.

Site-saturation library construction

Site-saturation mutagenesis was performed using theo#antrick.3® Two methods were

used for primer design and cloning: kindigaseDpnl (KLD) (New England Biolabs) and
Gibson assembly. In KLD cloning, primers were designed for {gndtcloning with the

KLD kit, where the degenerate codons were placed atitiné énd. The PCR product was

then ligated via the KLD enzyme mix for 1 hour and used to transform electrocompetent
cells. In the second approach, primers were designed for Gibson assembly, with the
degenerate codons placed within either the forward arsevprimer. Two PCRs were
performed for each library, the first containing a mixture of degenerate primers (12:9:1

NDT:VHG:TGG) and the second containing a reverse primer with a complementary
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overhang to the degenerate primer. The second primer for €iehisPlocated in the

ampicillin cassette to select against-taffget PCR products. The two PCR products were
getpurified withtheZymoclean Gel DNA Recovery Kit (Zymo Research Corp, Irvine, CA)

and ligated via Gibson assembly, followed by transformation.

Transformation of genes

ElectrocompetenEscherichia col(E. coli, E. cloniEXPRESS BL21(DE3) cells, Lucigen,
Middleton, WI) were transformed witBibson assembly products using a Gene Pulser Xcell
(Bio-Rad, Hercules, CA). SOC medium (750)was addedand the cells were plated on
LB-ampicillin (100pug mL %) (LB-amp) agar plates. Overnight cultures (5 mL-&fp in
culture tubes) were grown at 37 °C and 230 rpm fod&%ours. Overnight cultures were
used to inoculate flask cultures, prepglgeerol stocks, and isolate plasmids. Plasmids were
isolated with Qiagen Miniprep kits, and the genes were sequence verified (T7 promoter /

terminator sequencing primers, Laragen, Inc.).

96-Well plate library expression

Single colonies from the LBmp agaplates were picked using sterile toothpicks and grown
in 400 pL LB-amp in 2mL 96-well deepwell plates at 37C, 250 rpm, 80% humidity
overnight (1218 hours)Libraries were screened at a depth of 44 colonies per libfayyré
3-11). Multi-channel pipettes were used to transfer 50 pL of starter culture inteaddep
plates containing 1 mL Hyperbroth (AthenaES) with 100 pg*rampicillin (HB-amp) @r

well. The deepvell expression culture plate was incubated &C32250 rpm, 80% humidity

for 2.5 hours. The plate was then chilled on ice for 30 minutes. Expression of the protein of
interest was induced with isoprogyb-thiogalactoside (IPTG)and cellular heme
production was increased with-abninolevulinic acid (ALA); an induction mixture
containing IPTG and ALA in HEamp (50 pL) was added to each well for a final
concentration of 0.5 mM IPTG and 1 mM ALA, 1.1 mL culture volume. The plate was
incubated at 22C and 250 rpm overnight.
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Figure 311. Representative 9%ell plate layout for screening two libraries per pléteeping four
positive controls (parent protein) and four negative controls (sterile wells) allowed for 44 colonies
per library to be screened.

96-Well plate reactions and screening

96-Well deepwell plates containing. coliexpressing a protein varianere centrifuged at

4000 x g for 10 minutes at€. The supernatant was discarded, and pellets were resuspended
in nitrogenfree M9 minimal media (M, 380 pL) and brought into a Coy vinyl anaerobic
chamber (020 ppm Q). To each well wre added 4,4,5%5etramethyl2-vinyl-1,3,2
dioxaborolaneX) (10 pL, 400 or 800 mM in ethanol) and ED3 (10 pL, 400 or 800 mM

in ethanol) and sealed with an adhesive foil cover. The reactions were shaken in the Coy
chamber at room temperature for 16 hours. plage was then removed from the Coy
chamberand the reactions were worked up: to each reggatiternal standard (20 mM-4
methyl anisole in 1:1 hexane:ethyl acetate, 20 pL) and 1:1 hexane:ethyl acetate (480 L)
were added. A silicone plate sealing mat(M1003S, ArcticWhitgwas used to cover the

plate and the plate was vortexed. The plate was then centrifuged (4000 x g, 10 minutes) and
the organic layer was transferred to GC vial inserts in GC vials. The samples were assayed

for product formation via G.

Wells with improved activity relative to the parent protein were streaked out oréonpB
agar plates. A single colony from the plate was picked and grown in 5 raloiBovernight
(230 rpm, 37C). These overnight cultures were used in flask protganession and small
scale biocatalytic reactions to verify enhanced activity and/or selectivity relative to the parent

sequence.
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Medium- and large-scale protein expression

Cultures of 50 mL HBamp (50 mL in 256nL unbaffled flasks or 1 L in 2-B unbaffled

flasks) were inoculated 1% (v/v) with saturated overnight cultures and shaken in an Inova 42
shaker at 230 rpm, 3T or an NFors shaker at 160 rpm,°87 At an approximate Odgv of

1.07 1.2, cultures were chilled on ice for 30 minutes. Protein expres&s induced with 1

M IPTG to a final concentration of 0.5 mMnd heme production was enhanced with
supplementation of 1 M ALA to a final concentration of 1 mM. The cultures were shaken in
an Imova 42 shaker at 230 rpm (160 rpmlftiors) at 22C owernight (18 24 hours). Cells

were transferred to 5L Falcon tubes or 50ML centrifuge buckets and pelleted via

centrifugation at 4000 x g for 10 minutes &C4

Lineage validation reactions

Smallscale reactions were set up im2. GC crimp vialsE. coli expressing the appropriate
heme protein catalyst (380 pL, adjusted to the appropriate optical density with 20 mM MOPS
buffer, pH=7) was added to the vials; the vials were then brought into a Coy anaerobic
chamber (0 20 ppm Q). To each vial was addd. (10 pL in ethanol, final concentration

20 mM) followed by2 (10 pL in ethanol final concentration 40 mM). Directly following
addition of2, the reaction vial was crimped and shaken at 500 rpm at room temperature.
Reactions were worked up for GC anaystor GC analysis, 20 uL 100% ethanol and an
internal standard (20 pL-dthyl anisole, 20 mM in 1:1 hexane:ethyl acetate) were added to
the vial. A 1:1 mixture of hexane:ethyl acetate (480 pL) was addetthe reaction was
transferred into 1-mL Eppendrf tubes for extraction. The ligudquid extraction was
carried out with a Retsch MM 301 mixing mill (1 minute, 30 Hz / 1800 rpm). Samples were
centrifuged at 20817 x g for 5 minutes at,Rihd the organic layer was used for

chromatographic analysis.

Sonicated lysate preparation and hemochrome assay
An aliquot of cells adjusted to a density of é8 30 for protein concentration determination
was sonicated (QSonica Q500 Sonicator, 1/8 in tip) for 4 minutes, 1 second on, 1 second off

at 30% amplitude. Howing sonication, a 0.1 volume equivalent Bugbuster 10X protein
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extraction reagent (EMD Millipore) was added; the ly€2ugbustemixture was incubated

for 15 minutes at room temperature to improve cell lysis. The sonicated lysate was clarified
via centifugation at 20817 x g and°€ for 10 minutes. The concentration of helo&ded

protein was determined with the pyridine hemochromagen (hemochrome¥ aBsafly,
sonicated and clarified lysate (500 pL) was added to a cu@ettgion | (500 uL of 0.2 M

NaOH, 40% (v/v) pyridine, 500 uM potassium ferricyanideyeadded and the spectrum

of this oxidized sample was taken from 35600 nm. Sodium dithiote (10 pL of 0.5 M
solution in 0.5 M NaOH) was addeahd the reduced spectrum was taken fromi3600

nm. The pyridine hemochromagen concentration was determined using its Q bands, with the

literature extinction coefficient of 23.98 mient ! for (557 NMeducedl 540 NMaxidized).

Preparation of lyophilized whole-cell biocatalysts

Cultures of 1 L HBamp in unbaffled 28 Erlenmeyer flasks were inoculated 1% (v/v) with
saturated overnight cultures and shaken inrdars shaker at 160 rpm, 3. At an
appoximate ODRgo of 1.0, cultures were chilled on ice for 30 minutes. Protein expression
was induced with 1 M IPTG to a final concentration of 0.5,mahl heme production was
enhanced with supplementation of 1 M ALA to a final concentration of 1 mM. Theewult
were shaken in almfors shaker at 230 rpm and 22 overnight (1824 hours). Cells were
transferred to 50@nL centrifuge buckets and pelleted via centrifugation at 4000 x g for 10
minutes at #C. The pellet was transferred into arbQ Falcon tube rad flashfrozen on
powdered dry ice. The lid of the B0L Falcon tube was replaced by a Kimwipe held on with

a rubber band and put in a lyophilization bottle. Pellets were lyophilized for at least 36 hours
on a Labconco 4.5 plus freezone benchtop lyomhrilizabconco, Kansas City, MO) to
ensure complete lyophilization. Following lyophilization, the cells were transferred into a
sealable plastic bag and ground into a fine powder using a mortar and pestle. The lyophilized

cell powder was stored €0°C unti use.

Preparative-scale biocatalytic reactions with lyophilized whole cells
To a 256mL roundbottom flask, lyophilized whole cells harboriigmaNOD THRAW

(500 mg, 10 mg mt final loading) were addednd the catalyst was reconstituted in aqueous
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buffer (KPi 50mM pH 7.5, 37.6 mL) by stirring for 10 minutes. The rodoudtom flask was

sealed with a septum and cycled with Argon and vacuum three times. To the reconstituted
catalyst® (174.8 pL neat substrate, 1 mmol, final concentration 20 mM) was addied; U

a syringe pump, EDA solution (5 mL EtOH, 7 mL dH20, 241.8 uL EDA, solution
concentration 163 mM, final concentration 40 mM) was added over a period of 2 hours, using
a long Luer lock needle such that the needle sat below the solution surface dditing.ad

The reaction was stirred at room temperature overnigh@lé total reaction time). Upon

reaction completiorthe reaction mixture was stored-20 °C until workup.

Procedure for column-free purification of trifluoroborated product (4)

The trifluoroboration procedure was adapted from Bagutski®Falllowing completion of

the reaction, the product was extracted three times with 1:1 hexane:ethyl acetate (1 volume
equivalent per extraction). Deprotected boronic acid was reprotected by shieriogganic

layer with pinacol (236 mg, 2 mmol, 2.0 equivalents) in the presence of magnesium sulfate
(1 g). The solution was filtered to remove magnesium sulfate and conceiniratetioto

remove solvent and remaining unreacted starting matéjial'lje crude reaction mixture

was then resuspended in 1:1 methanol:water (8 mL total). Potassium bifluoride solution (1.67
mL of 3 M solution in water, 5.0 equivalents) was added droparskthe reaction was left

to proceed overnight. The solution was con@atlin vacuoto remove methanol, flash
frozen, and lyophilized to remove water. Acetone (20 mL) was added to thd 40
scintillation vial containing the lyophilized crude product. The product was resuspended in
the sealed scintillation vial via sonicatidath. The solution was vacuum filteyasd the

vial was washed three times with acetone (10 mL). The acetone was rémueaedq and

the product was dried on high vacuum.

Determination of initial cyclopropanation activity

A panel of hemgroteins previously engineered for carbene or nitrene transfer reéctions
wastested for their activity in formation &f proteinsincluded in these tests were expressed
in 96-well plates 96-Well plate library expressignThe cell pellets were resuspended with

400 pL 1xM9-N, and the 96well deepwell plates were brought into a Coy anaerobic
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chamber. A substrate solution (50 pL of 180 rhihd2, 20 nM final concentration of each

substrate) was added to each well. The plates were sealed with an adhesive foil cover and
shaken at 500 rpreindroom temperature for 6 hours. The foil covers were removed, 500 puL
cyclohexane wreadded to each well, and thefds were sealed with silicone sealing mats

and vortexed for 1 minute. The organic layer was transferred to GC vial inserts in GC vials,

and formation o8 was analyzed via G®IS.

The highest initial activity forcis-selective cyclopropanation washibited by ApePgb
W59A Y60G F145W and its intermediate variants. The highest initial activitjrdos
selective cyclopropanationas produced bRmaNOD Q52A,RmaNOD Q52V, and Mb
H64V V68A; ApePgb W59A Y60G F145W andmaNOD Q52V were variants engineered
for unactivated alkene cyclopropanati®fThe myoglobin was engineered by the Fasan lab

for styrenyl alkene cyclopropanation reactiéhs.

Table 31. Protein scaffolds tested for formation3in the initialactivity screening.

UniProt ID of Number of

wild type Organism Annotation variants tested Formation of3

B3FQS5 Rhodothermus Cytochromec 9 Trace detected
marinus

P15452 Hydrogenobacter Cytochromec-552 2 n.d.
thermophilus

P00080 Rhodopila Cytochromec2 2 n.d.
globiformis

DOMGT2 Rhodothermus Nitric oxide 10 Detected
marinus dioxygenase

P02185 Physeter catodon Myoglobin 1 Detected

B3DUZ7 Methylacidiphilum Hel | 6 s ga 2 Trace detected
infernorum

066586 Aquifex aeolicus  Thermoglobin 1 Tracedetected

G7VHJ7 Pyrobaculum Protoglobin 1 Trace detected
ferrireducens

QO0PB48 Campylobacter Truncated 1 n.d.
jejuni hemoglobin

Q9YFF4 Aeropyrum pernix Protoglobin 10 Detected

031607 Bacillus subtilis Truncated 1 n.d.

hemoglobin
P14779 Bacillus Cytochrome 50 n.d.

megaterium P45@ s
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Table 32. Activity of top variants from initial screening. Activity is given as integrated area for
the target ions 182 m/z and 195 m/X/atiant was found during proteiengineering for the
referenced project. n.d.: not detected in given ion channel.

Variant Reference cis(182 m/z) trans(182 m/z) cis(195 m/z) trans(195 m/z)
ApePgb WT 28 122 n.d. n.d. n.d.
ApePgb Y60G 28 1865 n.d. n.d. n.d.
ApePgb Y60G 28 32478 896 2620 1314
F145N

ApePgb W59A 28 5375 n.d. 351 n.d.
Y60G

ApePgb W59A 28 30043 n.d. 2513 204
Y60G F145W

Mb H64V V68A 38 423 1095 n.d. 1437
RmaNOD WT 28 n.d. 576 n.d. 251
RmaNOD Q52V 28 193 1039 n.d. 1074
RmaNOD Q52A 28* n.d. 1417 n.d. 1767

Calibration curves for analytical-scale concentration determinations

To generate a calibration curve for analytisehle reactions, solutions at varying
concentrations of the cyclopropane authentic standard were prepated coli cell
resuspensions (20M MOPS, pH = 7.01, 4.8% ethanol, @b= 28 forcis-3, ODesoo = 30

for trans-3). Two 420pL aliquots of each solution at each concentration were worked up
following the protocols irsmall-scale, wholecell biocatalytic reaction preparation and
work-up, skipping the addition of 2QlL 100% EtOH and the workedip sample was
analyzed by GEMS. The yaxis of each calibration curve gives the product:internal standard
ratio, calculated as total ion count (TIC) of the GIS peak corresponding to thedat
product divided by the TIC of the GKAS peak corresponding to the internal standard. The
x-axis of each calibration curve is the concentration corresponding to the product:internal
standard ratio. The resulting calibration curves reproducibly disgajinearity, in which

low concentrations of cyclopropane show a diminished response. While this indicates a
product loss event, the standard curve reproducibility shows that it can be utilized to reliably

calculate analyticadcale yields after fitting ith an exponential function.
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Compound synthesis andcharacterization

Racemic standards ois-3 andtrans-3 were prepared according to a thstep procedure by
Bull and coworkers? | carried out the largscale enzymatic syntheses wRmMaNOD

THRAW. Didtillation and crossoupling reactions were carried out by Julie Hofstra.

Ethyl 2-(phenylthio)cyclopropane 1-carboxylate
(o)

Co salen cat. (racemic)
+ HLOEt - /Av, * A
s r‘} H,0, rt PhS CO,Et PhS CO,Et

2
(¥) (*)
2.05 g, 33% yield 2.28 g, 37% yield

A roundbottom flask containing a racemic mixture of NpB(3,5di-tert
butylsalicylidene)l,2-cyclohexanediaminocobalt(ll) (0.043 equiv, 726 mg total, 363 mg of
each enantiomer) was flushed with Ar for 15 minugesl then 50 mL of degassed water
wereadded (water was degassed by bubbling Ar gas through the liquid for 30 minutes). The
ethyl diazoacetat (1.0 equiv, 2.9 mL) and phenyl vinyl sulfide (1.5 equiv, 4.7 mL) were
added via syringeand the reaction was stirred under a positive pressure of Ar (balloon) at
40 °C for 24 hours. Upon completion, the reaction was cooled to room temperature and 12
mL of isohexane was added. Air was bubbled through the reaction for 30 minutes to oxidize
the Co catalyst. The crude mixture was then filtered through a pad of silieehgd#l was
subsequently washed with @El2. The solution was concentrated and purifigccblumn
chromatography (silica, 15:1 pentaneBtto provide 2.05 g afis-S1(33% yield) and 2.28

g oftrans-S1(37% vyield).

/A m-CPBA Ph ® /A PrMgCl, iPrOBpin /A
—_ S “CO,Et

“CO,Et  CHyCly, 0°C THF, -78°C1t00°C pinB
&) 1.4 g, 66% yield 8 (€3] 480 mg, 37% yield @)

A m-CPBA Ph. @ A PrigCl, iProBpin A
—_— s CO,Et
+

CO,Et  CH,Cl,, 0°C THF,-78°Ct00°C  pinB
+ +
) 1.2 g, 63% yield 8 ) 440 mg, 39% yield S

PhS ““CO,Et

PhS CO,Et

Each diastereomer &1 was monooxidized witm-CPBA and subsequently converted to

the boronic ester according to flelowing procedures.
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Ethyl (trans)-2-((S)-phenylsulfinyl)cyclopropane-1-carboxylate

The cyclopropane#ans-S1(1.97 g) was added to a rouhdttom flask, dissolved in 90 mL

of CH2Cl2, and cooled to 0 °C. The-CPBA (99%, 1.63 g) was added in thpeetions over

30 minutes and then continued to stir for 2 hours at 0 °C. Aqueous KOH (3 M, 35 mL) was
addedand the layers were separated. The aqueous layer was extracted »@th (6 35

mL). The combined organic layers were dried with MgSi@ered and concentrated. The
crude material was purified by column chromatography (silica, 1:2 hexgbgtBiprovide

1.39 g oftransS2(66% yield).

Ethyl (cis)-2-((S)-phenylsulfinyl)cyclopropane-1-carboxylate

The cyclopropaneis-S1(1.78 g) was added to aundbottom flask, dissolved in 80 mL of
CH2Cl2 and cooled to 0 °C. The-CPBA (99%, 1.44 g) was added in three portions over 30
minutes and then continued to stir for 2 hours at 0 °C. Aqueous KOH (3 M, 30 mL) was
addedand the layers were separated. @haeous layer was extracted with LT (5 x 30

mL). The combined organic layers were dried with MgSilered, and concentrated. The
crude material was purified by column chromatography (silica, 1:2 hexane: diethyl ether) to
provide 1.20 g o€is-S2(63% yield).

Ethyl (cis)-2-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)cyclopropane-1-

carboxylate

The cyclopropangansS2(1.29 g) was added to a roubdttom flask and dissolved in 54

mL of THF. The reaction was cooledit@8 °C, and then thePrMgClI (2 M, 4.4 mL) was
added dropwise. The reaction continued to stir for 10 minutes before the addition of 2
isopropoxy4,4,5,5tetramethydl,3,2dioxaborolane (2.2 mL). The reaction was warmed to

0 °C and continued to stir for 6 hours before being warmed to room temperature. Methanol
(15 mL) was added to quench the reaction and stirred for 5 minutes150enL of diethyl

ether vereadded, the mixture was filtered and concentrated. The crude mixture was purified
by column chromatography (florisil, 10% to 50% diethyl ether : hexane) to provide 480 mg
of trans-3 (37% vyield).'H NMR (400 MHz,chloroformd) U 1 8.981(19, 2H), 1.83

1.73 (m, 1H), 1.26 1.21 (m, 12H), 1.12 1.04 (m, 1H), 1.04 0.96 (m, 1H), 0.43 0.31
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(m, 1IH).CNMR (101 MHz,CDG) 4 174.5, 83.6, 60.¥, 25.0,
NMR (128 MHz,CDCJ) U 32. 1.

Ethyl (cis)-2-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)cyclopropane-1-

carboxylate

The cyclopropaneis-S2(1.10 g) was added to a rouhdttom flask and dissolved in 46 mL

of THF. The reaction was cooledit@8 °C, and then th&PrMgClI (2 M, 3.5 mL) was added
dropwise. The reaction continued tw for 10 minutes before the addition ofsdbpropoxy
4,4,5,5tetramethyil,3,2dioxaborolane (1.9 mL). The reaction was warmed t&€ Gand
continued to stir for 6 hours before being warmed to room temperature. Methanol (15 mL)
was added to quench the egan and stirred for 5 minutes. Thetb0 mL of diethyl ether
wereadded, the mixture was filtered and concentrated. The crude mixture was purified by
column chromatography (florisil, 10% to 50% diethyl ether: hexane) to provide 440 mg of
cis-3 (39% yield. *H NMR (400 MHz,chloroformd) U 1 4.041n§ 2H), 1.79 1.69 (m,

1H), 1.21 (dJ = 1.7 Hz, 12H), 1.02 0.92 (m, 1H), 0.62 0.51 (m, 1H)}*C NMR (101
MHz,CDCk) U 174.3, 83.5, 60."89NMR(#288Hz,CD&). 7, 18. 6,
id 32.58.

Ethyl (1R,29)-2-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)cyclopropane-1-

carboxylate (enzymatic)

E. coli harboring
0 RmaNOD THRAW A
pinB Y+ HLOEt > (HO),B CO,Et

N3

¥ YCO,Et

pinB

f f pinacol f
(HO),B CO,Et CO,Et CO,Et

pinB MgSO,, Et,0 pinB

WholeE. colicells were grown fresh as described ab@edium and largescale protein
expression);two 1-L cultures in 2.8 nonbaffled flasks were grown foRmaNOD
THRAW. The cells were resuspended in 1X -M%uffer (ODy0 = 30, 664 mL) and

transferred into a-L round-bottom flask with a stir bar. The routhdttom flask was sealed
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with a septum andttached to a Schlenk line; three cycles of Argon purging and vacuum

evacuation were used to remove oxygen from the reaction flaskiiXtuzeremained under

argon flow throughout the entire reaction. Substrafgrieat stock, 7.5 mL, 60 mM final
concentation) was added via syringe. EDA) ((10.41 mL diluted in 35.9 mL ethanol
cosolvent, 120 mM final concentration) was added over 2 hours via syringe pump slow
addition. The reaction continued to stir overnight (16 hours) at room temperature. The
reactionavere then extracted three times with 1:1 hexane:ethyl acetate. The organic fractions
were concentrateid vacuoand used in the subsequent protection step without purification.
To the crude mixture o8 and the deprotected cyclopropylboronic ad®l \ere added
pinacol (1.18 g), anhydrous magnesium sulfate (15 g), and anhydrous diethyl ether (100 mL).
The reaction flask was sealed with a rubber septum and stirred for 2 hours at room
temperature. After 2 hours, an aliquot was analyzedHojMR spectroscopyo ensure
complete consumption & The reaction was filtered over a plug of anhydrous MgSO

concentrated, and purified by distillation.

The crude mixture was purified via fractional distillation using a short path distillation setup
attached to a snlaVigreux column under reduced pressure. The residual alkene starting
material was isolated at 10 torr and°4Dto obtain 820 mg of the reagent as a colorless oil.
The Vigreuxcolumn was then removed and a mixture of the desired pr&dwliethyl
fumarae, and diethyl maleate were-distilled at 5 torr and 7A00°C. The obtained mixture

was transferred to a rowfmbttom flask and vigorously stirred while heated under vacuum
(40°C at 1 torr for 24 hours, then 4€ at 1 torr for 24 hours, then 8Q atl torr for 3.5

hours) to remove the undesired diethyl fumarate and diethyl maleate side products. Product
3was isolated as a colorless oil (3.7 g, 95% purity, 36% yield, 41%basked on recovered

starting material

Ethyl (1R,2S)2-(trifluoro -14-boranyl)cyclopropane-1-carboxylate, potassium salt
(1R, 29)-4))

A KHF, A

pinB CO.Et  EtOH/H,0 KF;B CO,Et
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To a dram vial equipped with a magnetic stir bareadded3 (50 mg, 0.208 mmol, 1 equiv)

and 1 mL of ethanol. A solution of KHE78 mg, 1 mmol, 5 equiv) in 0.22lnof water was
added to the vial, then sealed with a screw aag stirred overnight at room temperature.
Upon completion, the solvent was removedacuoand the BEK salt was extracted with
acetone (X% 4 mL). The combined organic layers were filtetieeugh a plug of cotton and
concentrated to provide 35 mg of the desired cyclopropyKBalt (76% yield). A small
sample (~1 mg) was recrystallized from slow evaporation of acetone to provide crystals
suitable for Xray diffraction.tH NMR (400 MHz, DM®-ds) U 3 .J9 21, {.29H%,,
2H), 1.321 1.22 (m, 1H), 1.12 (f)= 7.1 Hz, 3H), 0.75 (ddd,= 8.8, 4.9, 2.5 Hz, 1H), 0.56
(dddt,J=10.8, 8.2, 2.4, 1.1 Hz, 1H).13 (dddtJ = 14.7, 10.3, 8.7, 4.3 Hz, 1HJC NMR

(101 MHz, DMSO)ii 174.9, 59.140.6, 40.4, 40.2, 40.0, 39.8, 39.6, 39.3, 17.3, 17.3, 17.3,
17.3, 14.7, 10.3, 10.3, 10.2, 102B NMR (128 MHz, DMSQGdk) Ui 3.43, 3.00°F NMR

(282 MHz, DMSQde) 11-135.1,-135.2.

Suzuki-Miyaura cross-coupling with 4

Pd(OAc), (2 mol %)
n-BuPAd, (3 mol %)

A ArBr (1.5 equiv) A

KF;B CO,Et Cs,CO; (2.7 equiv) ~ Ar CO,Et
*) PhMe, H,0, 100 °C *)
cis or trans Ar = p-OMePh cis - 37% yield

trans - 58% yield

In a glovebox under an inert atmosphdré4.4 mg, 0.02 mmol, 1 equiv) was dissolved in
110 i of a mixture of 10:1 toluene:degassed water in a half dram vial equipped with a
magnetic stir bar. The-dromoanisole (5.6 mg, 1.5 equiv), Pd(OA®.09 mg, 002 equiv),
n-BuPAd (0.22 mg, 0.03 equiv), and £X0s (17.6 mg, 2.7 equivalents) were added
sequentially. The vial was sealed with a Teflon cap, wrapped with electrical tape, and stirred
at 100°C for 20 hours. The reaction was cooled to room temperé&aded onto a packed
silica column, and analyzed Byt NMR against an internal standard to determine the product

yield.
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General procedure: SuzukiMiyaura cross-coupling with cis-3

Pd(OAc), (5 mol %)
n-BuPAd, (7 mol %)

A ArBr (1.5 equiv) A
CO,Et T Ar CO,Et

Cs,CO0; (3 equiv)
PhMe, 100 °C

pinB

In a glovebox under an inert atmosph& @8 mg, 0.2 mmol, 1 equiv)yd bromide (1.5
equiv), Pd(OAc) (2.2 mg, 0.05 equivi-BuPAd (5 mg, 0.07 equiv), GEOs (3.0 equiv),

and toluene (2 mL) were sequentially added tedsain vial equipped with a magnetic stir

bar. The vial was sealed with a Teflon cap, wrapped with electrical tape, and stirred at 100
°C for 36 hours. The reaction was cooled to room temperdtaded onto a packed silica

column, and purified by column chromatography to afford the desired product.

Ethyl (1R,25)-2-(4-methoxyphenyl)cyclopropanel-carboxylate (5a)
Prepared fron{1R,29-3 (48 mg, 1.0 equiv, 0.2 mmol) atdebromo
/@A\C%E‘ 4-methoxybenzeng6 mg, 1.5 equiv, 0.3 mmol). The crude residue
Meo was purified by column chromatography (silica, 10%#texanes)
to yield 40.4 mg oba (92% yield).The product was analyzed by chiral SFC and no minor
enantiomer peak was detected, confirming the prodtarised in >99% ee. This is a known
compoung and the spectroscopic data are in agreement with the litet&hiral SFC:
(OJH, 2.5 mL/min, 5% IPA in CQ| =254 nm)1r (major) = 3.9 mintr (minor) = 5.5 min.
H NMR (400 MHz chloroformd) & i 7.152n1, 2H), 6.80 (dfl= 8.9, 2.5 Hz, 2H), 3.89
(9,J=7.1 Hz, 2H), 3.77 (s, 3H), 2.52 (@= 8.7, 8.0 Hz, 1H), 2.03 (ddd,= 9.2, 7.8, 5.6
Hz, 1H), 1.70/ 1.61 (m, 1H), 1.30 (ddd,= 8.7, 7.8, 5.0 Hz, 1H), 1.02 = 7.1 Hz, 3H).
3CNMR(101MHz,CDG) G4 171.2, 158.4, 130.4, 128.7, 113
11.4.HRMS (El+,m/2: calculated for @&H1603 [M] *: 220.1100, found 220.1095.

Ethyl (1R,29)-2-(3,4-difluorophenyl)cyclopropane-1-carboxylate (5b)

E Prepared from(1R,29-3 (48 mg, 1.0 equiv, 0.2 mmol) addbromo
CO,Et
. 1,2difluorobenzend58 mg, 1.5 equiv, 0.3 mmol). The crude residue

was purified by column chromatography (silica, 10%O#exanes) to yield 29.7 mg 5l

(66% vyield).The product was analyzed by chiral SFC and no minor enantiomer peak was
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detected, confirming the product is formed in >99%#wral SFC(OJH, 2.5 mL/min, 0%

IPA in CQ, | =210 nm):itr (Major) = 2.9 mintr (minor) = 3.4 minlH NMR (400 MHz,
chloroform-d) U 1 B.934r8, 3H), 3.92 (q) = 7.1 Hz, 2H), 2.56 2.45 (m, 1H), 2.07
(ddd,J=9.3, 7.9, 5.7 Hz, 1H), 1.63 (dd#l= 7.4, 5.6, 5.2 Hz, 1H), 1.34 (dd#l= 8.7, 7.9,

5.3 Hz, 1H), 1.05 (t) = 7.1 Hz,3H).13C NMR (101 MHz,CDCG)) & 170. 8, 151

150.7, 150.5, 148.7, 148.6, 148.2, 148.1, 133.9, 133.8, 133.8, 133.8, 133.8, 125.5, 125.4,
125.4, 125.4, 118.4, 118.3, 116.8, 116.6, 60.6, 24.7, 24.7, 21.9, 14.2°ANFIR (282

MHz, CDCk) -1i38.7(m),-140.7 (m)HRMS (El+,m/2: calculated for @H12F0, [M] *:
226.0805, measured 226.0805.

Ethyl (1R,25)-2-(anthracen-9-yl)cyclopropane-1-carboxylate (5c)
Prepared from(1R,25-3 (48 mg, 1.0 equiv, 0.2 mmol) angé
co,er Promoanthracen@7 mg, 1.5 equiv, 0.3 mmol). The crude residue was

purified by column chromatography (silica;15% EtO/hexanes) to

yield 25.5 mg ofc (44% yield).The product was analyzed by chiral
SFC and no minor enantiomer peak was detected, confirming the product is formed in >99%
ee.Chiral SFC(OJH, 2.5 mL/min, 15% IPA in C®| =254 nm)1r (major) = 7.3 mintr

(minor) = 7.9 mintH NMR (400 MHz, Chlorobrm-d) U 8J.=8.3 Hz( 1¢), 8.50 (]

= 8.7 Hz, 1H), 8.36 (s, 1H), 7.98 {t= 8.6 Hz, 2H), 7.51 7.42 (m, 4H), 3.55 3.34 (m,

2H), 3.09 (qJ = 8.3, 7.9 Hz, 1H), 2.57 (td,= 8.3, 5.6 Hz, 1H), 2.01 (ddd= 8.8, 8.1, 4.6

Hz, 1H), 1.82 (dddj = 7.8, 5.6, 4.7 Hz, 1H), 0.54 (t= 7.1 Hz, 3H)*C NMR (126 MHz,
CDCk): 1718, 131.9, 131.8, 131.2, 129.7, 129.4, 129.0, 127.0, 125.6, 125.5, 125.3, 125.1,
125.0, 124.8, 60.1, 22.5, 20.9, 16.7, 13.6

Ethyl (1R,2S)-2-(6-chloropyridin -3-yl)cyclopropane-1-carboxylate (5d)
Prepared fron{1lR,29-3 (48 mg, 1.0 equiv, 0.2 mmol) afdbromo

| N CO-Et - 2_chloropyriding(58 mg, 1.5 equiv, 0.3 mmol). The crude residue was
@ N purified by column chromatography (silica48% EtO/hexanes) to

yield 15 mg ofcd (33% vyield) as a colorless oifhe product was analyzed by chiral SFC,
confirming the product is formed in >99% &hiral SFC:(OJH, 2.5 mL/min, 10% IPA in
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CO, | = 254 nm):tr (major) = 2.3 min,tz (Minor) = 2.6 min.!H NMR (400 MHz,

chloroformd) § 8 J=8206, 0(7dHz, 1H), 7.53 (ddd,= 8.2, 2.5, 0.7 Hz, 1H), 7.25

7.19 (m, 1H), 3.94 (qtl = 7.1, 3.6 Hz, 2H)2.48 (q, 1H), 2.14 (ddd,= 9.0, 7.9, 5.7 Hz, 1H),

1.67 (dt,J=7.5, 5.5 Hz, 1H), 1.42 (ddd,= 8.7, 8.0, 5.2 Hz, 1H), 1.06 (= 7.1 Hz, 3H).

13C NMR (101 MHz, CDG)) a 170. 6, 150. 9, 149. 8, 139. 5, 1z
14.3, 11.4HRMS (FAB, m/2: calculated for @H12CINO. [M]*: 225.0557, measured

225.0706.

General procedure: SuzukiMiyaura cross-coupling of trans-4

Pd(OAc), (5 mol %)
n-BuPAd, (7-11 mol %)

/A ArBr (1.5 equiv) /A
T Ar “'CO,Et

“1CO,Et Cs,CO0; (3 equiv)
PhMe, 100 °C

pinB

In a glovebox under an inert atmosphéieans-3 (4.8 mg, 002 mmol, 1 equiv), aryl bromide

(1.5 equiv), Pd(OAe)(0.2 mg, 0.@5 equiv),n-BuPAd (0.5 0.8 mg, 0.070.11 equiv),

C2COs (3.0 equiv), and toluenedD@ mL) were sequentially added tol#&-dram vial
equipped with a magnetic stir bar. The vial was sealed with a Teflon cap, wrapped with
electrical tape, and stidleat 100°C for 24 hours. The reaction was cooled to room
temperatureflushed through a pipet over a short pad of silica gel, and conceritrasemlio

The crude reaction was dissolved in deuterated chloroform and analyzed by NMR versus an

added standard (2,3,5t@trachloronitrobenzene) to obtain an NMR vyield of the product.

Ethyl trans-2-(4-methoxyphenyl)cyclopropanel-carboxylate
. Prepared frontrans-3 (4.8 mg, 1.0 equiv, 0.02 mmol) adebromo
/(D/AWCOZH 4-methoxybenzeng.6 mg, 1.5 equiv, 0.03 mmol). The crude residue
o wasanalyzed by NMR spectroscopy agaiastinternal standan@.0
mg of 2,3,5,6tetrachloronitrobenzenesinglet at 7.73 ppmjo afford the eaction yield
(56%).*H NMR (500 MHz, Chloroforred) & 1 7.01@n§ 2H), 6.84 6.80 (m, 2H), 4.17
(q,J=7.1Hz, 2H), 3.79 (s, 5H), 2.49 (ddik; 9.2, 6.5, 4.2 Hz, 1H), 1.83 (ddti: 8.4, 5.2,

4.1 Hz, 1H), 1.56 (ddd] = 9.4, 5.2, 4.4 Hz, 1H), 1.28,( = 7.1 Hz, 3H), 1.28 1.24 (m,
1H).



Ethyl trans-2-(3,4-difluorophenyl)cyclopropane-1-carboxylate

F “u,
UA Icoz =
F

analyzed by NMR spectroscopy against an internal stangl&mhg of

Prepared frontrans-3 (4.8 mg, 1.0 equiv, 0.02 mmol) akbromao1,2-
difluorobenzen€s.8 mg, 1.5 equiv, 0.03 mmol). The crude residizes

2,3,5,6tetrachloronitrobenzene, singlet at 7.73 ppm) to afford the reaction §igte).(*H
NMR (500 MHz, Chloroforred) 0

(m, 3H), 1.32 1.29 (m, 1H).

Compound separation conditions

7 J=110.2, 8.31Hz,, 1H), 6.94 (ddd= 11.4, 7.5,
2.3 Hz, 1H), 6.89 (ddt] = 8.2, 3.9, 1.8 Hz, 1H), 4.23 (qdi= 7.2, 0.8 Hz, 2H), 2.53 (ddd,
=9.3, 6.4, 4.1 Hz, 1H), 1.91 (ddbs 8.5, 5.3, 4.2 Hz, 1H), 1.701.62 (m, 1H), 1.37 1.33

Table 33. Achiral separation conditions for compoudd

Compound | Instrument; | Method program Retention times
column
3 GC-FID; 90 °C isothermal 1 minute Internal standard: 2.9 minutes
HP-5 15 °C/min to 110 °C Cis-3: 4.6 min
60 °C/min to 280 °C isothermg Trans3: 4.7 min
1 minute
3 GC-MS; 90 °C isothermal 1 minute Internal standard: 2.3 min
HP-5ms Ul | 75 °C/min to 325 °C isothermg Cis-3: 3.55 min
1.5 minutes Trans3: 3.76 min

Table 34. Chiral separation conditions. Due to the worse separation conditionsafe3
enantiomers, a separate method was prepared whencizyenantioselectivity was to be

measured.

Compound | Instrument; column Methodprogram Retention times

Cis-3 GC-MS; CRChirasil | 80 °C isothermal 2 minute| Cisminor: 14.3 min,
Dex CB (25 m, 0.25 mn 10 °C/min to 130 °C, major: 14.8 min
ID, 0.25 wum film| isothermal 15 minutes (transunresolved): 19.0
thickness) min

Trans3 GC-MS; CRChirasil | 90 °C isothermal 180 Cismajor (1R, 2S): 87.4
Dex CB (25 m, 0.25 mn| minutes min, minor: 98.9 min
ID, 025 pum film Transmajor: 172.8 min,
thickness) minor: 177.8 min

12:¢
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Chapterd

EXPANDING NEW-TO-NATURE REACTIONS BEYONDHEME
PROTEINS

Content in this chapter is adapted from published work:
Adenotes equal contulion

GoldbergN. W.AKnight, A. M. ;* Zhang,R. K.; Arnold, F. H.Nitrene Transfer Catalyzed
by a NonHeme Iron Enzyme and Enhanced by Ndative SmalMolecule LigandsJ. Am.
Chem. So2019 141, 1958519588.

A.M.K. prepared a list of potential metalloproteins based on structural information,
assembled biochemical information available for the top candidates, and designed codon
optimized genes for order. A.M.K. and N.W.G. transformed all plasmids into an €rpres
strain of Escherichia coli(E. col). A.M.K. performed wholeell expression tests of the
library. A.M.K. and N.W.G. expressed and purified fiame metalloproteins and assayed
their hydrosilylation activity. N.W.G. and R.K.Z. found initial nitretnansfer activity with
Pseudomonas savastaneihyleneforming enzyme REFE). AM.K. and N.W.G. ran
controls to confirm the activity to be enzymatic. A.M.K. carried out alternative ligand
experiments. A.M.K. designed siaturation mutagenesis libraries.MAK. and N.W.G.
constructed and A.M.K. screened and analyzed these libraries, and N.W.G. performed shake
flask validation of potentially improved variants. A.M.K. characterized evolved variants via
thermostability assays, and time course experiments. KA.§enerated crystallography
constructs of CH insertion variants and purified the constructs. A.M.K. and N.J.P.

crystallized the variants. A.M.K. collected data and refined crystal structures.



Abstract

Proteins that use metal ion cofactors catalytidaflye been underutilized to explore rtow

nature enzymatic reactigndespite the biocatalytic potential of these metalloproteins. To

facilitate the use of this protein diversity, | have curated a collection of metalloproteins which

bind redoxactive methion cofactors, have solveatcessible active sites, and have been

shown to express heterologouslyEncoli. One of these proteinBseudomonas savastanoi

ethyleneforming enzyme (PsEFE) a nonheme iron enzymegcan catalyze olefin

aziridination and nirene G H insertionreactions andwasimproved by directed evolution.

As this nitrene r ansf er r eact i-koent odgd eust am mtt-sebsHaglKiGr) e als a
nonnative |igands can be substituted in place o

selectivity.
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4.1 Expandmantgurneewnet all oprotein chemistrtr

proteins

While enzymes from myriad functional classes have been engineered to enhance their
stability and substrate scope in their native reaction classtalloproteins engineered for
newto-nature reactions have been almost exclusively dependent on metal complex
cofactors, either native or nonnative. Carbene and nitrene transfer has been demonstrated
with heme proteins binding their native cofactor, agais iron cofactors such as chlotin,

or metaisubstituted cofactors such as irididnhodium? and ruthenium porphyrirfs.
Beyond heme proteins, research groups have insertedatioe metal complexes into
proteins using bioconjugations methods like ihigtreptavidin complexes. The Ward and
Lewis groups have pioneered the use of bioconjugated rhodium complexes in protein
scaffolds for newto-nature reactions such as carbene transfer, hydrogenation, and olefin
metathesi$®l n each of these cases, the majority of
is preformed as part of the cofactor. However, many metalloproteins in Nature consist of
metal ions coordinated directly by the protein via gidain and makthain interagons.

The nomenclature distinguishing metal cofactors which are single ions or part of
coordination complexes is imprecise. For clarity, | will refer to metallocofactors with the
metal tightly bound within a neproteinaceous coordination complex as metahplex
cofactors, and metallocofactors with the metal ion bound directly by the protein (via side

chain or mairchain interactions) as metal ion cofactors.

The ability to perform nevto-nature biocatalytic reactions with proteins that bind metal ion

cofadt or s rather than metal complex cofactors wol
primary coordination sphere can be modul ated.
sphere can only be modified by mutating the single axial coordinating ligand orssiniipe

and incorporating a nemative heme cofactor, the primary coordination sphere of a-metal

ion-bound metalloprotein can be modifieddhhgh multiple coordinating residue mutations

and loosely associated-sou b st r atkes 0@ ¢ u g aFigare 41). HethK &0,

lacks acis-coordination site, having only two open coordination sites distal to each other. As

certain reactions require two adjacenbrdination sites, metalloporphyrins like heme are



131
advantageous for preventing these side reactions and improving reaction selectivity. If the

reaction of interest requires two adjacent coordination sites, however, hemeratinen

metalloporphyrins Wi not be capable of performing the transformation.

Enz O
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}—o | Yo—~0
Enz N
i
¥

Enz

Figure 41. Potential primary coordination sphere plasticity in heme proteins andhama
metalloproteins. In metal complex cofactor mefaltdeins such as heme proteins, four metal
coordination sites are occupied by the (natural ormataral) porphyrin ring, requiring porphyrin
synthesis and substitution to alter most of the primary coordination sphere. In metal ion cofactor
metalloproteis s u ¢ h-dependehlt Kn@ymes, multiple sicleain interactions can be modified

with mutagenesis, and the metal and ligand can both be substituted through modified reaction
conditions.

One strategy which has been used successfully is modulating enzixite @ed selectivity

using noriron metalloporphyrins in heme proteth&ike hemoproteins, metalloproteins
featuring a metal ion cofactor can be metallated with a-nadie metal ion
(xenometallation) to modulate their activity. Under physiologicatlitmms, metalloproteins

are either metallated through cellular metal delivery systems or are metallated based on local
met al concentrati ons "&Gandrally, mismetpllatedtpoteim@e speci f
simply inactive, but in some cases enzyim@ge been shown to have activity for their native
reaction with multiple metals (cambialism). Ancestral nitrogenases have been predicted to
be cambialistid® and several superoxide dismutases have been shown to be cambialistic,
performing their native resions with either iron or manganée$en biocatalytic reactions,

where parameters such as metal ion concentrations can be easily adjusted, an apoenzyme of
interest can be xenometallated by adding an excess of a different metal for which the enzyme

has ateast a weak binding affinity. Xenometallation has been studied in copper proteins for
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decades, with native and engineered copper proteins shown to bindtiobaft® nickel 1

and even noble metals.

The Arnold laboratory and others have develapedy interesting and useful ndasnature
biocatalytic reaction&1primarily through screening variants of a small set of heme protein
scaffolds. The world of metalloprotein diversity is vast, with an estimated 30% of all proteins
binding a metal; thepotential for newto-nature biotransformations using Rbeme
metalloproteins is likewise vast. We therefore set out to develop a collection-bénan
metalloproteins which could be tested for promiscuous activity fortoawvature reactions

of interest.

4.2 Curating ahecnod |neecttailolno porfotnecinns f or

netwmature activities

When selecting a starting protein for a protein engineering campaign, one generally chooses
a protein with the desired catalytic activity on a substrate sital#ine target substrate.
Databases such as UniPfaind BRENDA?® have sequence and functional information

(most if not) all known enzymelasses. Selecting proteins with reported function on
compounds similar to the substrate of interest and testing those proteins for initial activity on
this compound, while not guaranteed to work, is a {sledtrue method to find initial

enzymatic actiity which one can improve with directed evolution.

For a desired newo-nature activity, however, one cannot simply look in a functional

database to find an enzyme with the catalytic activity on a similar substrate. When first
reported, carbene and nitremansfer using a heme protein would not appear in a functional
database | ike BRENDA or Uni Prot ; the only r
t ransf er 0 Rmacytddhtom& (Uailrot IDB3-QS5, which was engineered in

the Arnold laboratoryor this newto-nature activity’® Inspiration to search for these novel

biocatalytic activities came from the chemical catalysis literature. Chemists have been using
metalloporphryins for CH activation reactions for decadés)aving in turn been inspide

by the remarkable breadth of oxemansfer reactions performed by heme prot&@oelho
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and coworkers therefore took cytochrome R4R0Othe workhorse heme protein in the

Arnold lab, and assayed its styrene cyclopropanation activity, a model rfactcamnbene
transfer. The activity and selectivity of the
and the surrounding protein environment, but the coordination geometry and the primary

electronic contribution is fixed by the porphyrin ring of theme cofactor. Indeed, heme

itself will catalyze styrene cyclopropanation and many more reported transformaitieits

at low levels.

The difficulty of selecting a suitable protein scaffold increases when the primary
coordination sphere of the metalaesmposed entirely of protein interactions and labile
interactions with water or small molecules. A reaction of interest might have a known catalyst

in the chemistry literaturdo ut desi gning a catalystdés primary
protein active $e is computationally expensive and infeasible in most cases currently,
though researchers have made some progress in the fildahof’aenzyme desigf Rather

than attempting to computationally design a new catalytic active site into a protein structur

we instead decided to rely on the prevalence of enzyme catalytic pronffsanitylooked

to Natur eobs -indingproteind fgr candidatenpeoteia $caffolds for stew

nature reactions. We initially purchased, subcloned, and successfulgssad the genes
encoding 14 coppdrinding proteins to use in testing nbame metalloprotein reactions.

These were selected because copper complexes are well known in the synthetic literature and
the mononuclear cupredoxins have been extensively sthgibwinorganic chemists. We

also requested and received plasmids encodingheore metalloproteins of interest from

other research groups; these were primarilyimeme iron and coppdxinding proteins from
Professors Hans Renata (Scripps Research) ardy Hcray (California Institute of
Technology). We quickly realized that the collection should be expanded to cover more
protein classes and sequence diversity and set out to take a more systematic approach in the

curation of this collection.
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4.2.1 Criteria selection and bioinformatic analysis of the Protein Data Bank

To ensure waverelooking at as large of a pool of potential proteins as possieiganded

our search for any protein binding redastive metal ions of interestWhen protein
engineers lok for a starting point, they can usually turn to databases where protein activities
are annotated. As we are looking for aatural activities, we cannot rely danctional
annotationsbut rather must hypothesize based on aditeestructureandgeonetries. We
therefore opted toarrow the search dgoking at proteins with eeportedcrystal structure,

as thiswas the easiest way to see if the (putative) active site might accommodate our
substrates of interedt.used the Protein Data Bank (PDB), @lection of over 140,000

crystal structure® and the MetalPDB, a database with annotated coordination geometries
of metals within proteins in the PD¥8To narrowthe structures in the PDB and MetalPDB
databases down tpotentially interesting proteind, used several search criteria. First,
structures were required to contain a redottve metal ion; cobalt, copper, iron, nickel, and
manganese were included. Zinc, while bound broadly by metalloproteins, was omitted as it
is redox inactive and only usé@ulenzymes as a Lewis aditil composed a list of all PDB

ligand IDs for these metal ion cofactors while omitting metal complex cofactors which
contain these metals, ensuritftat only metal ion cofactors were included as results.
MetalPDB metal ion cofgor search queries were similar and included specifying
coordination geometries. The proteins selected were also kept to fewer than 580 amino acids
in length; while there is a slight trend of larger proteins exhibiting lower staSititis cutoff

was apractical choice due to the price and taround time increasing above sequences
longer than 1800 nucleotides for the chosen gene synthesis service. The search was also
limited to proteins reported to have been expresséd a@oli for crystallization; his would

ensure that the protein of interest had been successfully expressed in our preferred expression
host. Finally, sequence identity for representative structures was set to 95%, preventing
engineered protein variants or commonly studied proteins lb&ng overrepresented in the

results.

Combining the results from the MetalPDB and PDB searches yielded a collection of 2572
unique candidate protein structurés.narrow down these 2572 potential proteinigcided
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the best approacivasvisual inspegon of the proteins rather than riglg on any further

annotated information.also wanted a diverse array of protein structures and as such did not
want to further narrow down the candidate proteins solely via structural criteria beyond the
initial criteria listed aboveTo makethe visual inspection of large numbers of protein
structures more efficient generatd structure viewing files (AYOL sessions) with settings

to make it easy and clear to see gl@@metryof the active site, its solvent exposiaied
accessibility, and other factors which could be benefwidketrimenth Candidate proteins

were chosen based on the solvent accessibility of the metal site and interesting features of

the activesite region. This analysis resulted in a list of 179 candidate proteins.

| then reviewedhe literature on the proteins onstshort list to determine if there are any
which should be ruled out based on previous reported resultsitftpxioor expression,
unstable, etc.For many proteins submittethis information was not available. A lack of
information on poor protein staltilior poor expression did not preclude a given protein, but
literature documentation of instability or toxicity would remove a given candidate. Many
proteins of interest were from structural genomics projects for which there are expression
and purification methods, but no peeeviewed research associated. Proteins from
thermophilic organisms were preferred as they are generally thermostable, and
thermostability has been shown to be a key trait when choosing a starting point for
evolution?® 65 sequences we codoroptimized forE. coli and sent for gene synthesis, of
which 62 were successfully synthesized and cloned into pET expression vectors. Overall, the
proteins selected represent substantial diversity in the metalloprotein sequence space; the

highest airwise sequence identity was only 49%, with a mean sequence identity of 10%.

4.2.2 Construct preparation and initial expression tests

To efficiently turn a list of candidate metalloproteins into expressed proteins ready for
testing, we decided to ordéet collection of genes already inserted int&acoliexpression

vector. As Twist Biosciences did not have ah@use protein expression vector which used

our standard T7lac promoter expression system, a custom pET expression vector was on

boarded withthe company. All genes encoding proteins of interest were cloned by Twist
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Biosciences into this expression vector. For proteins which were predicted to natively require

a signal peptide to form the holoproteirvivo(based on UniProt annotations andSignalP
server)®*the gene was synthesized with the nucleotides to encodeésambidal pelB signal
peptide. This is particularly important for genes such as lytic polysaccharide monooxygenase
(Uniprot ID DBEWMA4), for which the amino group and side chafnthe Nterminal His
residue is part of the primary coordination spHére.

As Twist Biosciences did not have arhause strain oE. coliwi t h t he aDE3 | yso
(necessary for expression with the T7lac promoter in our vedorypli BL21(DE3)

electrocompetent cells were transformed with the plasmids from Twist Biosciences. Each

protein had been previously reported to express heterologolslgati, but it was important

to confirm that the proteins would express in our plasmid construct under staxylassion

conditions E. coliharboring each plasmid were grown at small (5 mL) scale and expression

of the protein of interest was assayed with protein gel electrophoresis (Supplgmenta
Information,Figure 429). Under standard expression conditions, 40 of the 62 proteins were

strongly overexpressed, and only seven had no detectable expression. Of these seven, four

are pelBtagged proteins, which in oexperience have enhanced expression at reduced

IPTG induction concentrations.

The names, bound metals, and UniProt IDs for 86h@me metalloproteins (including the
initial cupredoxins ordered and cloned in house, the clonal genes acquired from other
research groups, and the clonal genes ordered from Twist Biosciences) are in the
Supplementary Informatio @ble 44 andTable 45). The DNA and amin@cid sequences

are deposited as a supplemental worksheet through CaltechDAD®I:
10.22002/D1.1437

This collection of norheme metalloproteins is availalib the biocatalysis community.

4 Toward enzymatic hyllemsimgtl altli omr ovti & ihn

One class of catalytic mechanisms in which we were interested are reactions which go

through oxidative addition and reductive elimination pathways. Despite the ubiquity of these



elementary steps in the synthetic catalytic repertoire, enzymatic mechasisignshese a
steps are limited to complex systems such as nitrogeffasey. examples include the
SuzukiMiyaura crosscoupling reactions discussed in Chapter 3, hydroamination,
hydroboration, and hydrosilylation. These reactions generally regjgiceordnation sites
inaccessible to hemerotein catalyzed reactions. While the Arnold laboratory reported the
first enzyme known to form a carliailicon bond by using an engineered heme protein,
many of the organosilicon compounds ubiquitous to the moderd e@igenerated through
industriatscale hydrosilylation reactions. To this end, we set out with the intention of

engineering metalloproteins as catalysts for hydrosilylation, in collaboration with Dow, Inc.

In many initial discovery experiments, a large af proteins, either variants developed from
previous directed evolution campaigns or newly cloned constructs, is used to screen for one
specific desired reaction. Our goal was to find promiscuous activity for any hydrosilylation
reaction in a large andiverse enzyme library (curated as described in Section 4.2); once
activity was found for a hydrosilylation reaction, we reasoned that substrate walking could
expand to diverse hydrosilylation reactions utilizing the same catalytic mechanism. We
assemblea set of model substrates, including activated, unactivated, and eléefi@ant
alkenesItigure 42). The silanes used were limited by the fact #fledxysilanes and silanes

with fewer substituents will hydrolyze under aqueous conditions.

W .
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Figure 42. Initial hydrosilylation reaction tests. Each pairwise combination of alkene and silane
was teted individually. Reaction conditions: anaerobic, RT, 10 mM silane, 10 mM alkene, whole
E. colicells, cell lysate, and cell lysate with 5 mM sodium dithionite.
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The first group of enzymes we expressed and used in vihobteli cells were copper

enzymes Table 44). As phosphate buffers rapidly precipitated copper from solution,
alternative buffers were tested to minimize metal@actipitation. MOPS buffer displayed

less copper precipitation and was used for-imeme metalloprotein reactions for the
remainder of the project. We determined by-U¥%ible spectroscopy that these proteins were
metdlatedin vivowhen expressed in theiplasm Figure4-3). E. colicells expressing these
copper proteins would turn vivid shades of blue following addition of copper sulfate. These
proteirs were tested against the initial set of four alkenes and two silanes as whole cells,

lysate, and lysate with sodium dithionite added.

Azurir
Azurin (dithionite reduced)

025 7T ——Amic yanir

Amicyanin (dithionite reduced)
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Figure 43. Copperbinding protein met#htion. (a) Example UWisible spectra of the copper
binding proteins azurin and amicyanin. Copper sulfate and dithiozileéced holoprotein samples
do not display the characteristic absorbance peaks fromi 6680 nm. (b) Copper protein
metalation in wholeE. coli cells. From left to rightPaeazurin, Afe rusticyanin,Pdeamicyanin,
Ppuazurin,Rmepseudoazurin.

Preliminary hydrosilylation reaction screening using whole cells and crude cell lysates
containing the copper proteins did not yield detectable hydrosilylation activity. As there is
literature preedent that the coordinating sidechains in azurins can be mutated without
complete loss of copper bindif$**Nat Goldberg also explored mutants which would have
an additional vacant coordination site (i.e. bound to water rather than an-asidrgde
chain). These variants still had soluble expression and bound cbppeere also not found

to perform the tested hydrosilylation reactions.
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We therefore decided to pursue further screening using purified proteins. The use of purified

proteins offers sevel advantages over whole cells or lysates: it allows for a known quantity
of catalyst in each reaction and normalizing for variable expression. Purified protein
reactions can also be run at higher catalyst loading, such that evendsgitgEnzyme
turnover or stoichiometric activity would be detectable in sensitiveM&ECscreening. The
removal of the cellular milieu from the reactions also prevents any potential cellular
background reactions from taking place and removes -snaddicule cellular contamings

from the analysis, leading to cleaner-®S spectra.

Since protein purification is both time and resource intensive, we wanted to maximize protein
production and minimize the quantity of each protein of interest required. We first pursued
a strategy tonaximize the reaction space explored by pooling several substrates in each well
(Figure 44). This allowed us to screen several potential hydrosilylagactions using high
catalyst loading, without requiring prohibitively large quantities of each protein of interest.
We chose a set of olefins and carbonyls of varied electronic and geometric character, as well
as a set of three different silanes tha stable under the reaction conditions. We tested
reactions at three different pH values (pH 5, 7, and 9 by using MES, MOPS, and CHES
buffers), as this can alter the protonation state of the coordinating residues, which affects how
easily they can disso¢& from the metal center and vacate substrate binding site(s) for
hydrosilylation. We also examined the absence or presence of a reductant, sodium dithionite,

as the oxidation state of the metal center is key for catalytic activity.
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Figure 44. Pooled substrate sets. Each substrate set was added as a mixture for a single biocatalytic
reaction. GEMS analytics allowed for magsagmentatiorspecific analysis; any potential activity
could then béollowed up on with reactions containing a single subss@dme pair.

These pooled substrate reactions were used in screeningypeélchnd ligandnutated
copper proteins. In each case that a potential hydrosilylation product peak was detected,
follow-up controls showed that the peak was an artifact orenagmatic background (false

positive). We resvaluated the pooled reaction approach, deciding to focus on a single
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substratesilane pair in each reaction to reduce the sample complexity and potantralss

reactivity Figure 45).
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Figure 45. Final hydrosilylation substrate matrix. Theachcteristic mass fragmentation pattern
and retention times are given for the-®S method on an Agilent G®IS (7820 GC oven, 5977B
singlequadrupole MS) with a 30m x 0.25 mm ID x 0.25 pm film thickness30# column and

the following program: dld at 80 € for 1.7 min ramp at 45 °C/min to 325 S@old at 325 °C for
2 min.
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At this time, the larger metalloprotein collection ordered through Twist Biosciehabke (

4-5) arived. While the coppeinding proteins have characteristic Wigible spectra upon

metdlation, many of the other proteins in this new collection do not. We therefore

investigated mass spectrometric techniques to determine proteitati@taProtein IC-MS

and protein TOF were both tested using azurin holoprotein confirmed byidible

spectroscopy to be mdtaied. These native protein approaches invariably resulted in
apoprotein detection; the proteiaedbogesultnst abi |l it
in demet#ation. As an alternative metal detection route, we fahatinductively coupled

plasmamass spectrometry (ICKS) is a reliable way of determining enrichment of the

metal of interest in our protein samples. It should be notedhisawill detect all metals in

solution and not only those specifically bound to the protein. To determine background metal
concentrations, we used a sample of the final
as negative control. The analysis froor first round of ICPMS data collection showed that

the deionized water used for the protein purification and storage buffers had high background

in some metals, most notably iron. We have since then adapted our protein purification

protocol to use didted deionized water, which lowered this background substantially (an

average of 19old lower *®Fe background). There was consistently high Ni content in the

protein samples, which we attributed to thée€@ninal polyhistidine tag and the Hifinity

chromatography used to purify the proteins. Using proteinNiSPwe have confirmed the

enrichment of the expected metal ligands in 13 of 17 proteins analyzed. The proteins which

did not have enrichment were exclusively +t@me iron proteinswhic al so use UKG as
coordinating |ligand to the iron. I n the absenc
for the metal is not strong enough to keep the metal bound throughout the purification
process. Further reacts hoonusl dwitthhe rUeKfG rbei nbdei ntge spt

or an analogous smattolecule ligand added.

To minimize chances of false positives due to cross contamination from otheusa
reaction screening, we moved to using a-K8€ DB-5ms column dedicated to these
reactions The GCMS methods were also optimized for minimal inlet split ratios,

maximizing the signalo-noise ratio while maintaining peak shapes. Using authentic
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standards that Nat synthesized, we were able to confirm the retention time and mass

fragmentation foeach compound. | prepared separateNE&Cmethods for each substrate

pair, using single ion monitoring (SIM) mode to monitor the characteristic mass fragments
expected in the hydrosilylation produdigure 45). The reactions with this 3 x 5 substrate
matrix were set up at only one pH (MOPS pH 7) in the presence and absence of sodium
dithionite, resulting in 30 reactions per protein. Two proteins cingcefore be set up in a
single 96well deepwell plate while leaving the outer wells empty, avoiding potential

differences in assay conditions sometimes observed (edge effects).

One key control was ensuring that hydrosilylation was possible under coaditmcal for
biocatalytic reactions (aqueous, room temperature, anaerobic) and that our substrates and
potential products are not degraded under these conditions and can be detected by our
methods. To this end, we performed hydrosilylation reactionaaf ef our model silanes

and olefins/ alkyne in aqueous buffer with Kar
known platinum catalysts for hydrosilylation, for a total of 18 reactions. In all 18 reactions,
we observed high consumption of the silarartstg material (>50%). Reactions with
triethylsilane and dimethyl(phenyl)silane with both olefins and alkyne were generally very
clean, with at least 50% yield of the expected-Blarkovnikov hydrosilylation products.

The corresponding silanol byproduetere not observed in significant quantities. Reactions

with methyl(phenyl)silane also showed hydrosilylation products, but with more
uncharacterized side products, including probable silanols. Silanol formation from
methyl(phenyl)silane is not observedhie absence of a catalyst, suggesting that the catalysts
are activating this silane rather than a background degradation.

Control reactions were key to ensgriany hydrosilylation product detected was enzymatic.

In most cases, a false positive was rweatiby comparing to negative control reactions or
testing whether the peak area was proportional to the enzyme loading. In one case, the false
positive came from an unexpected component of the screening workflow. The
hydrosilylation of dimethyl(phenyl)she and styrene was observed under screening

conditions, but we failed to reproduce this activity when running validation reactions. A key
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difference was that screening reactions were prepared-weB&leepwell plates and

validation was run in 2nL glas vials. Control reactions showed that otherwise identical
reactions set up in the plates showed activity when the glass vial reactions did not. Through
a process of eliminatiorwe determined that the activity was coming from the plate seal
applied duringhe solvent extraction post reaction; the plate seal, a o&ted silicone
platesealing mat material (ArcticWhite LLC, part numi#é/SM-10033, was used such

that the solvent extraction could be performed through vortexing. The silicone mat was
presumaly manufactured via industrial hydrosilylation and contained trace catalyst. The
silicone mat was confirmed to catalyze the reaction by adding a piece of this plate sealing
mat to a glass vial containing aqueous buffer, styrene, and dimethyl(phenyidsilanky
reactions containing the silicone sealing mat showed the hydrosilylation prbajce(4

6). This unexpected background reaction was removeoeldprming solvent extractions
through pipette mixing rather than vortexing. This shows both the ubiquity of hydrosilylation
products in the world and the importance of control reactions.
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Figure 46. Background reactivity caudeby a silicone sealing mat. When the substrates
dimethyl(phenyl)silane and styrene were added to aqueous buffer in the presence-cOREBE
silicone platesealing mat material (ArcticWhite LLC, part numb&WSM-1003S, a peak with

the expected retentidime and mass fragmentation pattern was present (green). The peak was not
observed when an otherwise identical reaction vial was prepared in the absence of-sealihaie

mat material (white).

With the 3 x 5 silane / substrate matrixgure 45) and updated GMS analytics, we
screened an additional 36 purified proteins from the metalloprotein collection. In this
screening, there wer® reactions which displayed hydrosilylation product formation. Future
work on enzymatic hydrosilylation could continue screening native metalloprotein diversity.
One particular area of metalloprotein diversity that can be explored are proteins which
include a metahydride intermediate as part of their native catalytic mechanism, such as
nitrogenase¥ and hydrogenasé8The complexity of the cofactor synthesis pathways and
holoprotein maturation for these proteins (as well as extreme oxygen sensitakgg them
challenging to work with and poor candidates for biotechnological applications. Many
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research groups are focused on improving the expression and stability of these proteins in

model organisms, however, and these more robust expression plattrchde tested as
potential starting points. As more nrbieme metalloproteins are engineered for other new
to-nature reactions on model substrates like those tested in this section, those variants can be
screened for their activity on hydrosilylation aradated reactions. Once initial activity is

found, it has been shown countless times that directed evolution can improve thatiactivity

all that is needed is a starting point and a good séfeen.

4 N4i t rternaensf er &G iernzymevd t h

In additionto the suite of reactions tested as part of the Dow collaboration, we were interested
in testing norheme metalloproteins for their ability to perform carbemal nitrendransfer
reactions similar to the transformations for which heme proteins have poeeously
engineered® There are a few rationales for the decision to pursue reactions already catalyzed
by engineered heme proteins: these H#@wature reactions are known to be possible to
perform enzymatically under physiological conditions, the starting materials aremsas

and/or already available, and the analytical instrumentation and methods are established.

The -ddpandent enzymes in the curated collection natively catalyze -traeséer

reactions via an ireoxo intermediate to hydroxylate their substrateasaming molecular

oxygen and converting one equi FiguedMids of UKG
Coelho and coworkers hypothesized that thialgiic oxenetransfer machinery of P45(s

could also form irorcarbenoid and ironitrenoid specied’ we hypothesized that the

analogous machinery in ndreme iron proteins could perform carbeaad/or nitrene

transfer reactions.

t
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Figure 47. Typical oxendransfer reactions carried out by Aeame metalloenzymes.
While testing o-dependerd enzymestfar oitremarsfier adiiWiyG we
found that one protein, wiltype ethylendorming enzyme fronPseudomonasavastanoi

(PsEFE WT), showed greater than background activity for the aziridination of styrene and

tosyl azide Figure 48,

o o~ ot

Figure 48. Nitrenetransfer reaction catalyzed by nbame iron proteins.

Table 41).
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Table41.Ac t i v i -KG-@ependerit irok)enzyratowardaziridinationto form 3.

Enzyme Relative activity
P. savastanoéethyleneforming enzyme 12.0
Streptomyces sg-aminobutyric acid chlorinase 0.93
A. thalianaanthocyanidin synthase 0.54
G. oxydangeucine dioxygenase 1.11
E. colitaurine dioxygenase 0.61
S. vinaceuarginine hydroxylase 0.57
S. muensikeucine hydroxylase 0.61
Bovineserum albumin (negative control) 1.00

P<EFE WT has beestudied both for the potential biotechnological application of efficient

ethylene productiofi as well as the fact that it has two native activitfds. its first, more

classi-tapetw&k&nt enzyme activity, aArgtequi val ent

form pyrroline5-carboxylic acid, an intermediate in proline synthe&igyre 4-9a). Its

second native reacti on IleneFiguree9%)c onversion of

a J“J\H o o) NH
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Figure 49. Reactions catalyzed natively Byseudomonas savastarethyleneforming enzyme
(PEEFE). (@M equi val ent of 1UAdo fors pyrdireSicarboaylicasid, d i z e
an intermediate in proline synthesisith guanidine, succinate, carbon dioxidend water as
byproducts(b) U K @ converted into ethylene with water and three equivalents of carbon dioxide

as byproducts.

Uk
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When testing new reactions, it is critical to ensure that product formation is enzyme catalyzed

and not a background reactiomv8ral additional controls were carried out to ensure that the
activity was due t®®’sEFE WT and not due to background activity. These controls include
running the reaction in the absence of key reagents such as iron, ascorbate (reductant), and
UK G -qulnsmate). In addition, we generated a protein variant which lacked two of the
coordinating aminacid residuesREFE H189A D191A). This double mutant protein still
solubly expressed and purifidalit was expected to have a greatly disrupted rbatding

site. These control reactions showed that omission of iron or the use of the double mutant
abolishes activity, indicating that the reaction is enzymatic and occurs in tHgrobng

site (Table 42). The activity is also proportional to the catalyst loading, lending further
evidence that it is enzymatic. Another test is whether the product is enantioenriched; while
the enzyme might form racemic produtisiunlikely that a background reaction would form

an enantioenriched product. Chiral HPLC analysis showed RHAFE WT was R)-
selective, with 25% enantiomeric excess (ee); theddMariant previously engineered for

this nitrenetransfer reaction v&a(S)-selective.

Table 42. Control and liganeubstitution reactions fd*sEFE WT aziridination to forn3.

Deviation from standard conditions Aziridine yield (%)
H189A D191A mutant (disrupted iron binding) <0.01%

No iron 0.01%

No UKG or analog 0.04%

None (standard conditions) 0.08%
Succinate instead of 011%

Acetate instead of UKO056%
Noxalyl glycine instea0.64%
No ascorbat e, acet at e 0.50%

Given the ability to catalyze the aziridination of tosyl azide and styrene, we investigated the
scope of nitrendransfer reactions th&sEFE WT could catalyze. The tests focused on the
aziridination of unactivated alkenes, which had not been reportdd thét P413us
aziridination platfornf® We also tested-éthyl anisole, a model substrate for benzyli¢tiC

amination™ No products were detected for the intermolecula @mination of 4ethyl
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anisole or the aziridination ofdctene, but the aziridinancof allylbenzene and-ghenylt

1-butene were detected, with 1.5 tdold higher signal than the background and negative
control reactionsKigure 410).

N* PsEFE WT NTs

@\/\/ Q/ o g
, N* PsEFE WT NTs

L

Figure 410. Aziridination of unactivated alkenes. Reaction conditions: 5(AdYFE WT purified
protein, 1 mM ferrous ammonium sul fate, 1 mM
ethanol cosolvent, 2 hours, room temperature.

In addition to testing for further nitrefimnsfer reactions, an array of carbéramsfer
reactions were tested wisEEFE WT. The formation of the metearbenoid intermediate is

a crucial prerequisite fohe carbenéransfer reaction to occur, and its formation is heavily
dependent on the catalyst and the specific diazo compound used as a carbene precursor. Four
diazo compounds with varied steric and electronic properties were tegjeded-11).
Xenometallation oPSEFE was also attempted, adding fistv transition metals (Mn, Ni,

Co, Cu) in place of Fe in reactions. To limit the combinatorial expardi test reactions,
styrene was used as the alkene in all cad@amesfer reaction attempts. @@S traces of
organic extracts of these reactions were analyzed for mass spectra corresponding to both
carbene transfer to styrene and for dimerization ofltheo molecules; no carbene transfer
activity above the negative control background was observed, and no clear evidence of

carbene formation (e.g. nitrogen evolution) was noted in the reactions.
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Figure 411. Attempted carbene transfer reactions. Reaction conditions: 50 UM puPHiEfE
WT , 100 OM me t-KG, 1 aM dodium dithionitgy110 thM styrene, 10 mM diazo
reagent, 5% ethanol cosolvent. Reactions were analyzed vM%C

Following the initial evaluation oPsE F E ~ WT 6te-natare reaction scope, we decided

to focus on aziridination of styrene with tosyl azide as our model reaction in a directed
evolution campaign to devel®sEFE as a newo-nature biocatalytic platform. As has been
observed countless times, mutations which are found to be beneficial when evolving for one
function can also provide the starting activity for other reactions of int€resgineering
P<EFE for this aziridination model reaction would likely enable acteeadditional nevto-

nature reactions.

4. 4.1 An-ketoglugasate mdduldie P& F B aziridination activity

Ethylenef or mi ng e n z ¥ketoglutarate dou hoth ef s native functions, but the

nitrenetransfer reaction should not require anieglent of the cesubstrate to go through

the catalytic cycl e. -ketodlutarate wduld na behstyighyot hesi z e
required and could potentially be replaced with other compounds to modulate the activity of

P<EFE. This change would be angdws to the ability of cytochrome P4l to catalyze

carbeneand nitrendransfer reactions in the absence of the FAD domain (or, equivalently,
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as the heme domain only); while the native oxene transfer reaction required the electron

transport chain to biatact, the newo-nature reaction does not have this strict requirement.

Total activity was improved for both indole alkylatfdrand GH functionalizatiofi* by

removing a secti on o fTheteib lgerafire precedenetsBsEEE vy 0 d o mai |
canacceptace ubstrate other than UKG: Hausinger anc
oxoadipate could be used in p-bcaboxylicméid UKG i n t
albeit at a 50dold loss in activity, and other keticids were reported to disglano

detectable P5C formatiofl] testedPsEFEWTa zi ri di nati on reactions wit
with several other carboxylat®ntaining compounds§igure 412). Most resulted in activity

equal to or wor se t Naxalylglithes (NOQ) bath emhaneed at e and
aziridination activity greater than fiield (Table 42).

\/\n)L 0 HO
OH HO 7‘])‘]\

o)
o)

o]
0 0 /\[HLOH 0 o) o)
o] [

HOJ\/\H/U\OH HONOH )J\OH kOH

o} 0 O OH
(native) \[])LOH
(o]
OH O o H o
i HONOH HO N\)I\OH
F3C O OH
OH o

(0]

Figure 412, UKG and anal ogs RSEFE az@idinatioroactivity. Aeetate ane f f ect on
N-oxalylglycinedisphy enhanced activity relative to UKG.

There are several potential advantages for rep
(approximately $1/g from Sigrsal dr i ¢ h) |, but replacing UKG with
(e.g. acetate at $0.14/g from Sigikdrich) could decrease reaction costs. More

importantly, fPEFE wer e engineered to selectively bin
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should prevent the competing native oxene transfer from occurring, even under aerobic

conditions. The ability to substituthe ligand by simply changing the reaction conditions
and without requiring the synthesis of a fr@tive metal complex cofactor enables the facile

modulation of the primary coordination sphere.

4 BBvol uti on of enzymesr wnt hieteynhanced nit
The initial activity found for th®<EFE-catalyzed aziridination of styrene provided a starting

point for evolving a noiheme metalloprotein into a platform for Apative activity; the next

step was enhancing this activity through directed evolution.

When designing our protein engineering strategy, | considered our expected screening
throughput (maximum number of samples screened per day) and what factors might affect
PEFEOGOs aziridination acti vi t-MSthessreenhwvorld pr i mary
be approximatelyi3} minutes per sample (approximately 400 clones per day at maximum).
With this mediumthroughput screening capabilityopted for sitesaturation mutagenesis at
positions which might reasonably modulate enzymatic &gtiis the nitrendransfer

reaction putatively proceeds within the arginine substrate binding pocket, | primarily focused
on mutations within that region of the protein. This scaffold had not previously been
engineered for nitrerwansfer activity and theffects of mutations throughout the active site

were unknown. | therefore ordered primers for 24 steiration libraries targeting residues

in the first s h-<dtoglutarate bihdmgsites (aminoracicnpesiticns18d, U
86, 87,91, 171173, 175, 186, 189, 191, 192, 198, 206, 228, 268, 270, 277, 279, 281, 283,
314, 316, 317, 318, highlighted iRigure 413). Out of these 24 libraries,51were
successfully cloned, expressed, and screened on the first pass (84, 86, 87, 91, 171, 173, 186,
189, 191, 192, 277, 283, 314, 316, 317, highlighteligure 414). Libraries which were

not generated on the first pass were revisited in future rounds of mutagenesis.
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Figure 413. Amino-acid residues targeted for s@gaturation mutagenesis in the first round of
P<EEFE engineeng. Structural representation oPsE F E c o mp | e xketdglutavatet h U
(represented in sticks) and Mn (the metal with which the protein was crystallized, purple sphere)
(PDB ID: 5VKB). 24 positions are displayed for which primers for-s#&ration mutagnesis

were designed and ordered; side chains are represented as sticks and shown in pale green.
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Figure 414. Amino-acid residues targeted for sgaturation mutagenesis and screened vidMISC

in the first round ofPSEFE enginering. Structural representation 88 FE comp|l exed wi t h |
ketoglutarate (represented in sticks) and Mn (the metal with which the protein was crystallized,

purple sphere) (PDB ID: 5VKB). 15 positions are displayed for whickssitieration mutagenesis

libraries were cloned, expressed, and screened for aziridination activity; side chains are represented

as sticks and shown in light blue.

Site-saturation mutagenesis libraries were screened at a rate of 80 clones per library, as well
as eight clones of the mant and eight sterile controls. The screening was performed on the
LC-MS using the mass selective detector (MSD) signalat +274 ([M+HJ) to quantify
aziridine product formation. The high number of parent and sterile controls and screening
depth is de to the high variability observed when testing BsEFE WT activity; eight

parent and eight sterile controls spread across the plate enabled us to monitor the variability

within each plate.
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In parallel to screening the libraries from round 1, | hadraeted that purified wiletype

PEFE has enhanced acti vi t y-kewwdlumanate andtlatthey acet at
reaction also works under aerobic conditions. Rather than modifying the screening
conditions partway through a single roundivécted evolution, the remaining libraries were
screened wunder a n a &etaglotarate as then slpplementedsligandi t h U
Variants with enhanced aziridination activity relative to the parent prétei-€ WT) were

then sequenced and expresaed@mL scale. These validation reactions were performed

with clarified cell lysate, testing the variants under anaerobic and aerobic conditions and
supplementing with ei ther acetate or UKG. Wi
enhancement from otheresgaturation librariedfRsEEFE C317M using acetate as the ligand

was by far the variant with the highest enhancement in aziridination activity, including under
acetatesupplemented condition§ifure 415). We therefore fixedPsEEFE C317M as the

parent for the second round of s#f&turation mutagenesis.
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Figure 415. Aziridination activity and selectivity dP<EFE wild type and mgineered variants.



In the second round of evolutiowe targeted 10 positions for s#aturation mutagenesis >
(84, 86, 91, 171, 186, 192, 277, 283, 314, 316, highlight€djure 416). The amineacid
positions chosen for mutagenesis were ones which either failed in cloning or expression
during round 1 or showed some variants with modest improvements in activity during round
1 screening. Most of thesegitions could be targeted using the primers purchased in the first
round of mutagenesis. For positions 314 and B&& primers were purchased to include the
C317M mutation (otherwise the mutation would be overwritten in PCR amplification). These
libraries were screened under aerobic conditions and supplemented with acetate in place of
Uketoglutarate. Of these libraries, the largest enhancements in aziridination activity in the
screening data were found at the libraries targeting positions 171, 277,14ndn3
sequencing the variants with beneficial mutations, we also found-pragrammed single
nucleotide substitution (C290T) which introduced the (serendipitously beneficial)-amino

acid substitution T97M.

Figure 416. Amino-add residues targeted in the second round of mutagenesis. Ten residues for
which sitesaturation mutagenesis libraries were cloned, expressed, and screened for aziridination
activity; side chains are represented as sticks and shown in tan.
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As the second rowd of evolution had multiple modest improvementsi(2-fold activity

enhancements) rather than one variant which was clearly the best, we prepared a
recombination library of the mutations found in the {esforming variants in the round 2
validation reations. In preparing a recombination librame introduce the mutations via

PCR similar to the siteaturation mutagenesis cloning strategies. The mutations included in
the recombination library were T97M, R171A, R171V, R171L, R277H, F314M, F314Q,
F314L;at each positiarthe parent residue was also included in the library, resulting in 64

possible variants.

As the four amineacid residues were spread out across the gene, we were able to generate
three PCR fragments which included the programmed mutadtopssitions 97, 171, and

314 Figure 417). To introduce the mutation at position 277, we used an equimolar mixture
of plasmidsPsEFE C317M andPsEFER277H C317M as the template for the PCR. These
three PCR products were gel extracted and assembled via Gibson assembly.

052_EFE_C317M_SSMrd2_recombination
68417 bp

Figure 417. PsSEFE recombination library primer design. The promoter (T7lac), gene (P32021,
P<EFE), and primer binding sites are annotated. The plasmid map was generated via Benchling
software (Benchling, San Francisco, CA).

To get high coverage and redundancy of thi®mbination library, four 98vell plates of
this recombination library were screened (320 clones). This resuRsBHETIO7M R171L
R277H F314M C317MP<EFE MLHMM), a protein variant which catalyzes the formation
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of the aziridine product with 120 TTN aB8% ee. The TTN is modest compared to values

reported for cytochromes P4hk, but the high expression 6fsEFE WT and variants
enables the facile preparation of large quantities of enzyme (Supplementary Information,
Figure 432).

A third round of sitesaturation mutagenesis was carried out targeting eight additional

positions (84, 95, 173, 175, 186, 192, 270, and 283), which resulted in the PaE&it

MLLHMM with comparable activity in lysate and 90% ee, a slight enhancemenPexEE

ML HMM. During the validation of the variantos
enhanced enantioselectivity was maintajriaat the TTN decreased twold relatve to

P<EEFE MLHMM. The increased enantioselectivity was insufficient to justify the loss in

activity. Further evolution could be carried out ®%FE MLHMM if there was an

application for this specific aziridine production. However, as the goal here was th
development of a biocatalytic platform using Awme metalloprotein&sEFE MLHMM

was chosen as the final aziridination variant in this evolution campaign.

The second round of simaturation mutagenesis and subsequent recombination were both
perfformedwi t h acetate supplemented in place of UKG
attheamineeci d resi due which coordinates the dista
potentially disrupted the native ligand bindifigure 418). Indeed, aziridination reactions

prepared wittPE FE ML HMM and UKG or NOG had the same
no ligand added, while acetate enhanced the activity by anadneeignitude Eigure 419).

This was a strong indication that tRsEFE MLHMM aziridination catalyst no longer
productively bi ndsThaPsEEE variantsicatadyzing nitcererransfer U K G

are no |-depegdent endyrdeS, ReEFE MLHMM, along with other variants with
mutations at R277, -bipdngeazymes.o no | onger be UKG
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D191

Figure 418. PositonofR277 r el ative to UKG. R277 interacts wi

and UKG analogs in reported crystal structures.
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Figure 419. Aziridination activity withPSEEFE MLHMM under different reaction conditions.
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4.5.1Exploring engineered PSEFE sequence for other nitrergansfer reactions

The recombination plates generated using beneficial mutations in the second round of site
saturation mutagenesis libraries represented a large amount ofsatetivesidue sequence
diversity which had been shown to be beneficial for nittealsfer reactions. As the active

site has been remodeled since the initial reactions testing alternative -trdiresfer
reactions, we hypothesized that this recombination library might comaii@irp variants
which could perform alternative nitrefi@nsfer reactions. In this screen, activity on the
intramolecular CH insertion of 2ethylbenzenesulfonyl azide was foulahlre 420), with

the best varianBPsEFE R171V F314M C317VR<EFE VMM) catalyzing the reaction with

310 TTN but only 9.4% ee with the screening liggiadetate Its activity and selectivity

were further increased by using BQ@s a ligand, with up to 730 TTN and 47% ee. Not only
does the activity and stereoselectivity vary drastically through ligand substitution, but also
the chemoselectivityPsEFE without a ligand slightly favors formation of the sulfonamide
over the sultamyhile the addition of NOG increases the ratio of sultam:sulfonamide to up
to 105:1, with only trace reduction product detectabéble 43).

0.0 %0 0.2
S. S’ S.
N; | N \NH NH,
? Z

Figure 420. Intramolecular CH insertion reaction.-2thylbenzenesulfonyl azide can be converted
to the sultam via {H insertion or reduced to theethylbenzenesulfonamide byproduct.



162
Table 43. Intramolecular €CH insertion activity with ligand substitutions IREEFE VMM.
Reaction onditions: 20 uM purifiedPsEEFE VMM, 10 mM 2ethylbenzenesulfonyl azide,
anaerobicroom temperatures hours.10 uM enzyme concentration.

P<EFE variant Ligand TTN ee (%) Insertion / reduction
VMM None 25 n.d. 0.9

VMM UKG 130 61 9.0

VMM Acetate 310 9.4 24

VMM NOG 450 48 105

VMM 1 NOG 730 47 100

A second variant in the recombination plate which was identified to haMeir@Sertion

activity wasPsEFE VHMM, with the only difference being the R277H mutation. As the

aziridination varianPsEFE MLHMM contained this R77H mutation and had no activity
enfencement from UKG nor PSEEEG/HMM wobly gnly behesi zed t
activated by acetate. Indeed, wilEEFE VMM exhi bi ts enhanced acti:
NOG, only acetate enhandes€= F E V H MiMidnserti@h activity Figure 421). The best

variant for this reaction is stiPsEEFE VMM with NOG as a ligand, but the ability to

modulate ligand binding through mutations at R277, including preventingtive figand

from productively binding, could be useful for furti®EFE protein engineering.

500

@®PsEFE VMM ‘
E 400 | OPSEFE VHMM
S 300 (]
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Figure 421. Intramolecular CH insertion with variant®sEFE VMM andPsEFE VHMM. PEEFE

VMM is enhanced by UKePEFR\GBGM isanty@nhanced by adetate. wh i
Reaction conditions20 pM purified PsEFE variant, 10 mM 2thylbenzenesulfonyl azide,
anaerobicroom temperatures hours.
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4. 5.2 Analysis of evolved variantsd stability

A time coursef the aziridination reactiowas run withPsSEFE WT and®sEFE MLLHMM

to better understand the reaction kinetics and enzyme stability. Reactions containing purified
proteinwere set up in triplicate both anaerobically and aerobically. Time points were taken

at 15 minutes, 3finutes, 1 hour, 2 hours, 3 hours, 4 hours, and 8 hours, at which point those
reactions were quenched by addition of acetor
propiophendine ddetanimLril e, 50 gL).

As seenin Figure 422, the reaction with wildype PsEFE isalmostdone by the 18ninute
mark, while the yield with MLLHMM continues to increaf®e approximately 2 hour3.he
reactionappears to proceed for a longer time anaerobically than aerobicalBsE&iE
MLLHMM, but the low activity for the aerobic reaction makes such comparisons

challenging.

e~ MLLHMM_Coy -8~ MLLHMM_air - WT_Coy & WT_air

Figure 422. Aziridination time courseTimecou ses denoted fAairo were set u
courses denoted ACoyo were set up anaerobically.
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This rapid enzyme inactivation could be indicative of enzyme instability. Indeed, in purifile?j
protein reactions, what is ostensibly protein precipitati@bgerved to increase over time.
The thermostability oPsEFE WT has been measured with ITyot surprisingly, the
protein is reported to have i n-ketoglmasaed st abi |l i

used a thermal shift asdéysing SYPRO orange (Thermo Fisher Scientific) to measure the

effect iron, acetate, and UKG have on the stab
data that, even though beneficial mutations were only chosen based on activity and
stereoselectii t y, the proteinds stability improved fr
is also a significant enhancement in thermost a
which is not observed in the later evolved variants. This indicates that tadiomsi

introduced, despite being within the active site, enhaReBdF E6s t her most abi | i t vy,

screening for higher TTN also likely exerted pressure for mutations to stabilize the protein.

condition: Fe condition: Fe_ascorbate_20G condition: Fe_ascorbate_acetate
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Figure 423. Thermostability of wildtype and evolved®sEFE variants for aziridination and
intramolecular € insertion.The thermostability of the proteins was assayed anaerobically in the
presence of Fe, in the presence of Fe, ascorbaté) 8@ ( not e d -caoglutdtaefmnd or 2

in the presence of Fe, ascorbate, and acetate.

4 .6t ructur al chBEBEteaili izanti ®n of

To understand the effect of the mutations and-metive ligands in thé>sEFE protein
variants, | turned to protein crystallography. Thedtre ofPEEFE WT withL-Ar g , UKG,
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and analogs of both molecules have been reported by the Schofield and Hausinger groups

using manganese in place of iron to allow for aerobic crystallogfdgfin these structures,
P<EFE is seen to adopt an open comfation with a highly solversiccessible active site in
the absence of its substrateArg. The lid loop closes the active site with multiple polar
contacts ta.-Arg, reducing activesite volume and orienting the substrate. The substrates
used for aziridiation and CH insertion lack these polar contacts, and as,sushunclear
whether the lidoop region would close. The solvestposed active site could explain why

P<FE was found to have initial activity.

| cloned Nterminally polyhistidineSSUMO-tagged constructs oPsEFE VMM andPsEFE

VHMM to investigate the effects these mutationshavesshF E6 s st ructur e, using
cloning strategy used in the generation of heme protein crystallization constructs in Chapter
2; crystallization constructs witR-terminally polyhistidineSUMO tags were also used by
Schofield and coworkers to puriBsEFE WT#8 | expressed and purified both proteins as
tagless constructs (Supplementary Informatiogure 430). Sparsematrix screening of the
purified proteinsupplemented with manganese resulted in initial crystallization conditions

in multiple PEG 3350 and PEG 4000 conditions, similar to those reported for thiypald
protein?® Drop-volume ratio screening resulted in large clusters of crystalimldys n

several ratios of protein and well solution (PEG 4000, 0.1 M Tris pH Bigyre 424).

While PEEFE VHMM did not initially crystallize under these abitions, strealseeding

from PEEFE VMM crystals using a cat whisker (a gift from Crick Boville) resultdeiseFE

VHMM crystals. Short (15 minute) soaking experiments as well as overnight soaking
experiments wer e cNaoxalylglgcohe, aduatetate BPE#FE WM UK G,
crystals and acetate RsEFE VHMM crystals.
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Figure 424 PEFE VMM crystals. Using polarized film, the
indicating it is proteinogenic (right).

Crystals were cryaptected with ethylene glycol and shipped to SSRE212r X-ray
diffraction studies. Th®sEFE crystals consistently diffracted to i125 A resolution, and

data sets were collected for each soaking experiment. Bs#RE VMM and PsEFE
VHMM crystallized n the open conformation, with a highly solvexposed active site
(Figure 425a). There are no apparent tertiary structure changes near the mutdtons r

to aPsEFE WT structure (PDB ID 5V2Y, 0.44 A RMSD over 2039 atoRigure 425).
Looking at the side chains, however, one can begmattonalize potential reasons why
R171V, F314M, and C317M are beneficial mutations. Both R171V and F314M increase the
activesite volume; it is reasonable that the intermolecular reaction of two aromatic substrates
would require more activeite spaceKigure 425c). The C317M mutation extends the
thioether methyl group 1.4 A closer (relative to the C317 thiol in PDB 5V2Y) to the
guanidino group of-Arg bound inPsEEFE WT igure 425d); the presence of this thioether
could disfavon-Arg binding. Disfavoring the native substrate binding might be kelyign t
case, as directed evolution screening was carried out in fiteezed whole cellPEFE

WT exhibits aKm of 37 uM for L-Arg, andE. coliintracellularL-Arg concentration is 570
LM, 40
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Figure 425. Structural comparison of M and NOGboundPsEFE VMM and Mrand -UKG

boundPsEEFE WT (PDB ID 5V2Y). (a) Surface representationRsEFE VMM, showing the

solventexposed active site; the manganese ion is shown in purple. (b) Cartoon representation of
alignedPsEFE WT (tan) andPsEFE VMM (gray). (c) Mutations at positions R171 and F314 to

smaller amineacid side chains increase the agtiv si t eds v ol ume. (d) The C31
PsEFE VMM extends a thioether moiety toward the guanidino groupAfg bound inPsEFE

WT.

Using ethylene glycol as cryoprotectant with no ligand soak or short ligand soaking
experiments resulted in bidentate addbinding by ethylene glycol. This led to testing
additional hydroxy acids as reaction additives, including glycolic acid, which further
enhanced activity relative to acetatdPsc FE VHMM (Supplementary Informatiofigure

4-31). In the data set collected orP&EFE crystal soaked overnight wibroxalylglycine,
however, there is density in agreement with the NOG ligand binding in the active site.
Interestingly, the electron density supports two conformations of NEMguie 426). A

similar set of multiple conformations is also observed in a struotdre UhéuGdPsEFE


































































































































































