ABSTRACT

LADNER, CHRISTOPHER COLIN New Strategies for Engineering theSubstrate
Specificity of Polyketide Synthases(Under the direction dbr. Gavin Williams.

Polyketides are a diverse group of therapeutic natural prothattsre invaluable
for the defense against a variety of diseadege to the structural complexity of these
molecules, traditional synthetic chemistry diversification strategies have been largely
unsuccessful in generating new drugs. Alternatively, biosynthetic approaches may allow
for easier access to polyketide derivativdafortunately this field has been hindered by
the lack of higkthroughput protein engineering strategies, which are necessary to
manipulate the complex biosynthetic machinery.

Described in this work are effertto develop a new strategy for altering the
substrate specificity of polyketide synthag®3IKSs)en route to the diversification of
natural products. Most of the current PKS protein engineering strategies rely on low
throughput approaches(e.g. radioisotpe labeling, chromatography, and mass
spectrometryjo screen only modest panels of mutants. These methods are not sufficient
throughputto survey the vast protein landscape that is likely necessary to alter the
substrate specificity of PKS componersisch asacyltransferasdomains. This technology
gap is significantly hindering progress toward polyketide synthase engineering and the
discovery of new therapeutic natural products. Toehi$,we have developed a new high
throughput strategy for the @etionaclCo A transfer using dAclicko

was used to discover the first mutamdns-acyltransferase with an altered/improved



activity. This assay was also used to create the first-higtathroughput assay to screen
for acytCoA trarsfer. Furthermore, our newly developed strategy can be easily adapted to

a variety of enzymes outside of natural product biosynthesis.
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CHAPTER 1. Introduction : Engineering Polyketide Synthases

This chapter was adapted from Christopher C kadind Gavin J Williams. Harnessing
natural product assembly lines: structure, promiscuity, and enginedoingual of Industrial

Microbiology & Biotechnology3, 371387 (2016)

1.1  Introduction

Therapeutic polyketide natural products have been inviguab the treatment of a
variety of diseases including bacterial infections (e.g. erythromycin), cancer (e.g. epothilone),
and immunosuppression (e.g. rapamyciriggre 1). Notably, approximately 65% of the
current drugs on the market are derived or inspired from natural prodd&®nsequently,
polyketides and other natural products, including their biologically active precursors and
derivatives, have proven populardats for total synthesis* Though there has been much
success in this aremost synthetic routes to complex polyketides require dozens of chemical
steps and are generally low yieldihgurthermore, this approach is often not amenable to
facile analoging. In contrast, Nature has arrived at a remarkably efficient strategy for
producing complex structures bysambling small molecule building blocks via enzymatic

assembly lines.
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Figure 1. Examples of clinically relevant polyketides.

The biosynthesis of many clinically relevant polyketides is coordinated by enzymatic
assembly lines dlad type | polyketide synthases (PKSs) via the selection and installation of
acyFCoA derived building blocks called starter units and extender.Ufiigpe | PKSs are
organized in a modular fashion, whereby a module of enzyme activities is responsible for
building block selectionrad installation into the polyketideFigure 2). Type | PKSs are
composed minimally of three domains: acyl carrier protein (ACP), acyltransferase (AT), and
ketosynthase (KS). The ACP is pastnslationally modifiedvith a phosphopantetheine arm,

which serves to shuttle substrates and intermediates through the assembly line. Additionally,



PKSs can contain optional domains such as the ketoreductase (KR), enoylreductase (ER),
dehydratase (DH), and thioesterase (TEhdal PKSs are a variant of type | PKSs in which
a given module acts in an iterative fashidn contrast to assembly line PKSs, type Il PKSs
possss discrete monofunctional domafhBurther, type Il PKSs act as simple homodimers

producing small aromatic compouritls

Module n+1
Module n

B -
RiSC A ) S Ag" @ ¢
i o H SH

S
e.g. Ry = Me, Et

starter unit ——— assembly line o) ,
HO o ., Sy,
0] - tailoring ——————————
R omePMe & OH
2
SCoA |
- Tylosin
o0~ O (antibiotic)
e.g. R, =H, Me, Et

extender unit

Figure 2. Modular organization of polyketide synthases.Modular type | PKS

organ zati on. Modul e 6énb6 shows t he mi ni mal d c
modul es. Modul e 6n+16 includes a fulll compl €
extender units are shown, along with an example of a polyketide produced by a type | PKS.

Additional structural diversity is afforded by mixing PKSs with other assembly lines
such as nomibosomal peptide synthases (NRPSs) to form hybrid assembly lines such as the
zwittermicin synthasé™ ' Polyketides can be further modified by a variety of passembly
line tailoring enzymes such as P45@k/cosyltransferases and methyltransferas&$For
example, 6 deoxyerythronolide B5dEB) is postassembly line matled through five
enzymatic steps to generate the bioactive Erythromycifigute 3).* Accordingly, there is

an abundance of natural product structural diversity afforded by assembly lines and



associated tering machinery. Nevertheless, natural products often require further chemical
modification in order to improve biological activity and to modulate pharmacological
properties. For example, the sesynthetic derivative Solithromycin, which is currentty i
phase 3 clinical trials, is produced in 16 steps starting from the biosynthetically derived

Erythromycin®™

eryB

6-Deoxyerythronolide B 6-Erythronolide B

eryC

Erythromycin D Erythromycin A
Figure 3. Postassembly line tailoring of 6deoxyerthronolide B. 6-deoxyerthronolideB,
the final product of the DEBS assembly line, is fully decoratedryghEomycin A by five

tailoring enzymes: eryF (P450), eryB (glycosyltransferase), eryC (glycosyltransferase), eryK
(P450), and eryG (methyltransferase).

In an effort to biosyntheticalldiversify the products of polyketide assembly lines, a
variety of approaches involving metabolic engineering, protein engineering, and
combinatorial biosynthesis have been explored. Notable examples aside, the ability to

leverage the potential modularif these systems by domain and module swapping to



producreatéomroanl 6 natur al products have been me
assembly lines produce the desired analogue in much lower titers than theypeild
machinery:®**® More recently, new strategies in synthetic biology and enzyme engineering

are being developed to address limitations to the scope and utility of chimeric assembly lines.

1.2 Promiscuity and engineering of PKS assembly lines
1.21 Overview of approaches

The large nature of type | PKSs, poor understanding of protein dynamics, and
complex proteirprotein interactions have hindered attempts to reprogram PKSs by domain
and module swapping. Consequently, a degree of ingenuity arttvitydaas been required
to generate new polyketide analogues. Cumulatively, a variety of strategies including
precursotdirected, mutasynthesis, combinatorial biosynthesis or some combination thereof
have been exploredrigure 4). Rather than designing chimeric PKSs for the production of
Onomatural 6 natur al product s, notabl e emergi
promiscuity of assembly line components either directly or as a platform for enzyme
redeggn. In terms of PKS enzymology, diversification strategies typically focus on three
aspects: selection and installation of new starter and extender units, assembly line tailoring,

and macrocyclization.
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Figure 4. Assembly line s$rategies for the production of natural product analoguesA)
Natural biosynthesis via a generalized addgntine. B) Precursodirected biosynthesis:
nortnative or normatural building blocks are installed through inherent promiscuity of a
module and/or dmain and usually results in a mixture of the naturatipcband nomatural
analogue. B)Precursoirected mutasynthesis: natural building block biosynthesis is
knocked out and supplemented lay nornatural building block. D)Enzymedirected
mutasynthes: sitespecific mutagenesis affords substrate flexibility/orthogonality and
results in the regioselective incorporatiofi mon-natural building blocks. E Domain
swapping: substitution of the natural domain with another domain from a different assembly
line allows for nomative building block incorporation.



1.2.2 Starter and extender units

PKS loading domains have been a popular target for diversification, presumably
because there is a single module responsible for installation of the activated moxyarb
acid that is inherently orthogonal to the extension moddlé&s.addition, several loading
modules exhibit relaxed specificity for the loading unit, a feature that can be easily leveraged
by precursodireded biosynthesis and mutasynthesis. For example, the natural function of
the avermectin loading domain AT is to instalim2thylbutyrytCoA or isobutyrydiCoA to
provide theA andB series of avermectins, respectively. Remarkably, this loading domain is
sufficiently promiscuous to furnish over 40 avermectin derivatives via feeding the
corresponding carboxylic acids to a mutant producing sttdiforeover, substitution of the
erythromycin PKS loading domain with that of avermectin leads to generatidheo
expected analogué$.Several other loading domains have more recently shown similar
substrate promiscuify’?> A KS1 null strain of DEBS has been used to diversify starter units
in addition to modifying other positions in erythromyéfrhis mutasynthesis approach has
afforded analogues modil with various nomatural alkyl substituents, in addition to
fluoro, azido, and alkynl derivativés.?*More recently, this approach was appliedEincoli
and coupled with a colony bioassay and resulted inideatification of 15propargyl
erythromycin A?® This analogue is equipotent as erythromycin A and could be yapidl
diversifying va A c | i ¢ k OIntriguinglynmaecutay docking studies suggest that the
terminal acetylene binds in a different orientation to the ribosome exit tunnel, as compared to
erythromycin A. In addition, a single amino acid mutation inahermectin loading domain

was sufficient to shift the specificity towards noative acy\SNAC substrates, at least as



judged by enzymatic hydrolysis of the thioesfeHowever, the loss of catalytic efficiency
towards the native substrate was largely responsible for this specificity change, and it
remains to be seen whether genuine improvements in activity towaresatio@ or non
natural steter units can be achieved by single amino acid mutations.

Early efforts to incorporate different extender units into polyketides focused on
domain swapping. Of these examples, most were only able to swap the two most common
extender units, maloryCoA and methylmalonydCoA. Besides the limited extender unit
functionality, titers of the final products were severely redit@he recent notable example
of effective AT-swapping produced 2desmethylrifamycin, which showed excellent aityiv
against rifamycin resistant strains ®. tuberculosisin good yield*® Though most
polyketides are constructed from malbi€oA and methylmalonyCoA, a modest variety of
chemical functionality is also available, including extender units modified at the C2 position
with various alkyl chains, amines, hydroxyls, and halog&ré Many of the more unusual
extender units are biosynthesized using crot@ugA reductase (CCR) or AClihked
pathways Figure 4A). Some of these extender units require multistep enzymatic reactions
that are not easy to manipulate. Weheless, several CCRs have shown to be quite flexible
towards alternative unsaturated carboxylic acid precursors. Moreover, the associated ATs
also seem to be promiscuous and this has led to the generation of polyketide analogues with
modest structural hanges Figure 4A).3° Notably, some atypical extender units are
generated by dedicated modules that resemble type l/type Il PKSs. By knocking out part of
such a pathway for allymalon@oA biosynthesis in the FK506 producer and by feeding in a

series of carboxylic acids, several novel FK506 analogues were genémtedarkably, by



combining enzymatic machinery from the FK506 producer allyimal@oA pathway with
that from the isobutyrylmalomCoA pathway of the ansalactam producer, a hybrid pathway
for isobutenylnalonyl-CoA was created to afford the correspondingn@ghytFK506
analogue Figure 4A).%” Recently, ade novopathway for extender units functionalized with
termind alkynes and alkenes was described and was utilized to generate analogues of
antimycin Eigure 4B), the biosynthesis of which involves a single PKS extension mddule.
Coupling this noveéxtender generation system to other PKSs will likely require engineering
the specificity of target ATs. Interestingly, a biosynthetic pathway for aromatic extender unit
acytCoAs from amino acids was recently elucidated and used to target a promiscuous AT
domain in the splenocin PK§igure 4C).*°

To complement lengthy, complex, and specialized extender unit pathways,
chemically synthesizetl-acetylcysteamine (SNAC) analogues or biosysitesl malonyl
CoA analogues offer the ability to provide highly diverse extender units. Similarly to
specialized biosynthetic pathways, these strategies also offer the potential to generate
polyketide analogues situt hat ar e modi f i & Borexantplh, afladetyiofc k 0
extender units have been provided as the SNAC thioester and installed into several
polyketide natural products by feeding these cell permeable substrates into producing
organisms and utilizing inherent extender unit promiscaity?KSs via precursor directed
biosynthesid®** Alternatively, structurgguided mutagenesis, driven by the recently
described MatB crystal structure, has afforded mal@oA synthetase mutants with broad
specifcity and provide a facile route to noratural and nomative extender units, including

those modifiedwi t h  such ¢ he mtlickd themistaynEijliree 4D).°% %6 #°



Interestingly, the promiscuity of the terminal extension module of DEBS was sufficient to
utilize a total of nine nomative and nomatural extender units provided by an engineered
synthetasé® Notably, wild-type malonylCoA synthetase was demonstrated to provide the
non-natural extender unit fluoromalor@loA, albeit poorly*” Subsequently, the halogenated
building block was incorporated into a simple diketide by NphT7 and reduced by PhaB.
Moreover, fluoranalonylCoA was utilized by the terminal extension module of DEBS, and
by a bimodular DEBS system when complemented with a mafoos specifictransAT
domain to afford triketide pyrones and tetraketide lactones, respeéti@tiier approaches

that rely ontransATs are limited by the inherent stringent specificity towards malQoA.

The remarkable extender urpromiscuity of the kirromycintransAT KirCll might be

leveraged to generate a wider range of analoues.
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Rather than applying mutasynthesis by simply deleting biosynthetic functions, several

applications are emerging that aim to utilize point mutations to direct the installation-of n
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natural and nomative extender units. For example, Shultz and coworkers used molecular
dynamic simulations to predict a point mutation in the terminal extension module of DEBS

that could shift specificity towards propargylmalotiyioesters™

Indeed, this enzyme
directed mutasynthesis approach led to production -pfopargyl erythromycin inS.
erythraea although the specificity and product yield of the mutantc€ook be quantified. In
contrast, Williams and colleagues have characterized a series of mutations to the DEBS
terminal module that dramatically shift specificity towards -natural and nomative
extender units, enabling tievitro generation of regi@dectively modified macrolactones by
utilizing chemically synthesized chain elongation intermediates (Koryakina |, Sherman DH,
Williams GJet al, unpublished results). In principle, these minimally invasive approaches to
engineering PKS AT domains couldvaycome the poor yields often associated with- AT
swapping studies. Ultimately though, more sterically or stereoelectronically challenging
extender units might require engineering other PKS domains, in addition to the AT. The
relatively modest structural ffierences between various extender units naturally available to
PKSs have likely resulted in the distribution of subtle specificity determinants across a large
number of AT residues. Subsequently, although various AT motifs can be used to predict

extendeunit specificity quite well, these motifs have yet to be utilized in the same efficiency

that NRPS adenylation domain specificity codes have.

1.2.3 Other assembly line modifications
PKS assembly lines can contain a variety of optional domains for iritoeing of

the growing natural product chain. Most of the focus has been directed at the reductive

12



domains through either domain swapping or mutagenesis. Whole PKS reductive loops have
been successfully swapped to alter the stereochemical outcomeun€atéd product from a
bimodular PKS'® %° Using similar bimodular PKSs for screening, siteected mutagenesis

of the amphotericin ketoreductase afforded a change in stereochethistrgll cases the

yields of the desired products varied, which is possibly due to the reduced catalytic efficiency
of the altered KR. Other domains, such as the methyltransferase (MT) domain, have potential
to diversify assembly line naturproducts. For example, Tang and coworkers were able to
install an alkyne moiety onto chaetoviridwia an unnatural selenium -&lenosyiL-
methionine mimic* This strategy has the potential to install new chendoadrsity in other

MT-containing assembly lines.

1.2.4 Macrocyclization

The bioactivity of many polyketides depends on post assembly line macrocyclization,
which is often catalyzed by a@rminal thioesterase domain (TE)>Though the structure
and mechanism of several TEs have been determined, no progress has been made with
respect to engineering these enzyniekhis is perhaps related to the difficulty of accegsin
precursors that can be used to probe the specificity of TEs. In addition, a wealthivaf
and in vitro data suggests a complex and varied picture of substrate specificity and
requirements for macrocyclization that depend on the type of Farther insight and
engineering of TEs could lead to new strategies for cyclizing new or altered polyketides

scaffolds.

13



1.3  Future perspectives

Approaches that rely on subs&giromiscuity of PKS components as a platform for
precursor directed biosynthesis and mutagenesis are gaining prominence over approaches
that involve chimera design. Regardless of the overall approach taken to engineer PKSs,
three broad areas of focus dreely to impact our ability to engineer the activity and
specificity of PKSs.

Firstly, the discovery of novel natural products and associated biosynthetic machinery
through genome mining and metagenomics is likely to play a significant role. Bioinfecsmati
platforms such as antiSMASH allow for natural product structures to be easily predicted
from genome sequenc&sThe large number of microbes that cannot be cultured has
motivated advances in metagenomics aniviac-based screenim§>° These approaches and
others offer the potential to discover assembly line parts with useful substrate promiscuity or
orthogonal specificities, or even parts with new catalytic mecharés chemistr§’°

Secondly, tools and techniques from synthetic biology need to continue to be applied
to natural product assembly lin¥sFor example, combinatorial gene cluster refactoring and
gene assembly methedcould prowile simple plug and play devicés rapidly generate
mutant or hybrid assembly 1iné% % % ® Further, heterologous hosts could be developed as
platforms for production of polyketides using engindeassembly line%” Genome editing
technologies such as CRISRFs9 will enable fast and efficient engineering of host
strains®® ©°
Thirdly, new strategie for engineering the activity and substrate specificity of PKSs

need to be developed. Highroughput screens or selections that detect the final product of

14



an assembly line pathway will allow the identification of mutants that are able to process
nontnatural substrates to the fully mature natural product. Notably, although selections have
been used to guide the engineering of chimeric assembly lines and pathways, this approach
requires that the distinct antibiotic activity of the desired natural prodluist(already
known?® "® " Genetically encoded biosensemsty prove useful general tools for screening
libraries of mutant or chimeric assemble liféEor example, an evolved transcription factor
biosensor based on AraC was used to screen a librarpybBe synthase mutants, resulting
in the identification of a variant thatisplayed a 19old improvement in catalytic
efficiency.® Unfortunately, biosensors must be {eregineered for the desired product with
an existing target and are ideal for titer optimization. The application olutesnary
strategiesto engineer the activity and specificity of PKSs has been hindered by a lack of
suitable higkthroughput screerf8: " Clever systems such gsast surface displayffer the
potential to scren the activity of very large combinatorial libraries of mutdft§.Yet, these
plattorms have not been adapted to screening for bond transfer enzymes such as
acyltransferasedrhis is mostly due to the compléxiof these megasynthases as well as the
inability to couple PKS activity to fluorogenic oolorimetricspecific screens.
1.4  Scope of this dissertation

Described in this work are efforts to develop a new strategy for altering the substrate
specificity ofpolyketide synthases en route to the diversification of natural products. Most of
the current PKS protein engineering strategies rely onthoaughput approacheg.g.
radioisotope labeling, chromatography, and mass spectron@ggjeen only modest pels

of mutants. These methods are not sufficisntthroughputto survey the vast protein
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landscape that is likely necessary to alter the substrate specificity of PKS components, such

as AT domains. This technology gap is significantly hindering prodoegard polyketide

synthase engineering and the discovery of new therapeutic natural products. To this end we
have developed a new highroughput strategy for the detection aGgdA transfer using
Aclickod chemistry. Thi s tagtattansaoylransfarasesnath t o d i
an altered/improved activity. This assay was also used to create the firshighira
throughput assay to screen for aGgA transfer. Furthermore, our newly developed strategy

can be easily adapted to a variety of eneg outside of natural product biosynthesis.
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CHAPTER 2. Engineering the AcylCoA Specificity oftrans-

Acyltransferases

2.1  Introduction
The acyltransferase (ATReedoemad nadfs trlod e p
pathway has made it a target for engirireg>" Of the known AT domains most only use one
of two substrates (malonoA or methylmalonylCoA). The high specificity for only these
analogslimits the chemical diversity that can be installed in polyket/fés.contrast with
canonical AT domains of PKSs which are embedded within each module and therefore act in
cis, recently, sc al | ed O6dssandbbédned AT domains were
trans with a cognate ACP domain within a given modulaccordingly, theseransAT
serve modules which themselves lackagtivecis-AT, and are often referred to BAT-less
PKS2. Moreover, in addition to the natural functiontidns-ATs, these standalone enzymes
are able totransacylate norcognate ACPs within other PKS modules that house site

directed inactivated cognate -@d's (Figure 6).%°
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Figure 6. trans-complementation schemeUsing promiscuougransATs new functionality
can be installed into-Beoxyerythronolide B. In this hypothetical example maleDgA
analogs are installed via theans-AT in module 6 that possesses an inactiveAdis The
new functionality is highlighte in blue.

Recently, our lab has investigated the promiscuity dfaasAT, KirCll, from
kirromycin biosynthesi& KirCll is responsible for installation of the C28 ethyl moiety of
kirromycin, via ethylmalonylCoA (Figure 7).22 Interestingly, KirCll has been shown to not
only load its cognate ACP @P5™") with ethylmalonylCoA, but also other analsguch as
allyl-, azideethyl, alkyrl-, and benzylmalonyCoAs. This is the first and only polyspecific
transAT which utilizes CoAlinked extender units to be described to date. The ability of
KirCll to accept azido and alkynyl extender units offers the unique possibility of using the
nonnatur al functionality as a handle for dcli

novel screens to evolteansAT specificity Figure 8). Currently,transATs are assayed by
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either mass spectrometry or radioisotope labeling, botvhath are very lowthroughput and

tedious screening methods. To date,trams-ATs have ever been engineered with altered

ACP or acylCoA substrate specifigit He r e, we describe the deve
chemistry based cycloaddition assay to rapidly screen KirCll mutants, which led to the
discovery of mutations with improved and altered substrate specificity. The insight into
trans-AT specificity obtainedhere will contribute to improvingans-AT based strategies for

polyketide diversification.
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Figure 7. Kirromycin biosynthesis. Kirromycin is produced by a large hybrid typdrans
AT polyketide synthase. KirCl (red) incorporatesmlonytCoA into 11 different modules.
KirCll (blue) installs the unique ethylmalon@oA into module 5.
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Figure 8. Acyl transferase fl uor es c é&m tacyltransferase k 0 c |
catalyzes the transfer of azidoethylor@l-CoA to an acyl carrier protein. The azido

modi ficati on of the ACP s detected by th
fluorophore.

2.2  Results and Discussion
2.2.1 Chemoenzymatic synthesis of azidoethylmalom@oA

Crucially, our strategy e&pends on provision of an azido functionalized extender unit
acytCoA. Azidoethylmalonatavas synthesized as previously described in 55% vyield (see
methods). Product identity was confirmed  NMR and LGMS analysis, whictwas in
complete agreementith the literature report. To test the reactivity of the azido gr8upas
reacted with alkyne rhodamin@) via the Cu(ljcatalyzed azidalkyne cycloaddition
(CuAAC) to yield5 (Figure 9). Mass spectrometry analysi$ the crude reaction mixture

confirmed the presence of the expected prodtigu¢e 10).
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Figure 10. LC-MS of copperficlicko reaction. MS data confirming the orthogonal copper
ficlicko reaction betweeB and alkyne rhodamine.

Next, an engineered malor@loA synthetase mutant (MatB T207S/M306l),
previously created in our laboratory, was used to aetitre diacid as the CoA thioester. As
expected, the mutant MatB converted almost all of the available CoA to the corresponding
azidoethylmalonyCoA, as judged by HPLOR{gure 11) and LGMS confirmed the identity

of the product.
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Figure 11. HPLC analysis of azidoethylmalonyCoA production.

2.2.2 Azide-alkyne cycloaddition assay

Though the classic Cufbatalyzed azidalkyne cycloaddition (CUAAC) has been
used to detect azidmodified prdeins, the straipromoted azidalkyne cycloaddition
(SPAAC) is emerging as an attractive alternaifveCyclooctynes, such as -4
dibenzocyclooctynol (DIBO), react efficiently in aqueous conditions and at ambient
temperatures. Additionally, no catalyst or harsh reagents are needed, which makes the
SPAAC ideal for biochemical labeling. As an initial preaffprinciple, the promiscuous
protein labeling tooBfp phosphopantetheinyl transferase (see metheasused to transfer
azidoethylmalonyiCoA to ACP¥" (i.e. the ACP from module 5) from kirromyciyrghase
(Figure 12A). The reactions were analyzed by SBAGE anddensitometric analysis of the
Coomasie and DIBOstained gels(633 nm) respectively (Figure 12B). An intense
fluorescent band correspondi to the same molecular weight of ACP5was clearly
detected in the presence of Sfp. Ltavel background fluorescence was detected in the

reaction in the absence of enzyme, which has been previously observed with the hydrophobic
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fluorophores. This restudemonstrates the feasibility of using -€ae ficlickd chemistry to

detect ACPdisplayed azidenodified malonate analogues.

Click

- Reaction
EE———

DIBO®47

apo-ACP5KIr

+SFP -SFP  +SFP -SFP
B) 30kDa

15kDa

Figure 12. Development of a fluorescent cycloaddition assay to probe acyltransferases.
A) Sfp first catalyzes the transfer of azidoethylmalonyl group onto AtPHBom
azidoethylmalonylCoA. The fluorescent cycloaddition reaction is then performed between
the azideACP5"" and DIB3*". B) The assay was analyzed Bpomassiestained SDS
PAGE (left) andn gel fluorescence at 633 nm (righ9nly the reaction with Sfp produced
fluorescenband at-20kDa, corresponding tabeledACP5"",

To validate that the KirCitatalyzed acyl transfer coupled SPAAC assay, a series of
time course, titration and AToatrol experiments were performed. First, KirCll mediated
acyHtransfer was evaluated using the strategy above. Only reactions containing KirCll,
azidoethylmalonylCoA and ACP5", produced a positive fluorescent band after detection
with DIBO®* (Figure 13). Mass spectrometry analysis confirmed the addition of

azidoethyl mal onat e ®A-AcCP&edroductfigured®)l i ckedd DI BC
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Figure 13. Validation of the fluorescent cycloaddition assay for KirCll activity. A)
KirCIl first catalyzes the transfer of azidoethylmalonyl group onto A®Pfom
azidoethylmalonylCoA. The fluorescent cycloaddition reaction is then performed between
azidoACP5"" and DIBJ*". B) The assayvas analyzed bfoomassiestained SDSPAGE

(left) and ingel fluorescence at 633 nm (righ©nly the reaction with KirCll and DIB&’
produced a stronfiuorescent band at20kDa, corresponding tlabeledACP5".

Time course analysis showed the fluossm® intensity was dependent on the KirCll
reaction incubation timeF{gure 14). Fluorescence intensity was in linear relationship with
reaction time up to 20 minutes. The fluorescence intensity was shown to be dependent on the
KirCIl concentration Kigure 15). Fluorescence intensity was in linear relationship with

KirCll concentration in the range of O uM to 3 pM.
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Figure 14. Time course analysis of KirCll assay.Fluorescent lagling of ACPX" was in
linear relationship with reaction time. Fluorescence intensity was represented by arbitrary

units. The assay was performed twice and experimental errors are shown as the standard
deviation.

KirCll Titration
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Figure 15. KirC Il titration assay. [KirCll] was varied from 0 pM to 3 pM, fluorescence
labeling of ACP5" increased linearly as KirCll concentration increased. Fluorescence
intensity was represented by arbitrary units. The assay was performed twice and
experimental erns are shown as the standard deviation.
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2.2.3 Alanine scanning mutagenesis

Recent results from our lab and others suggests the neighboring residues of two
conserved AT sequences may play a role in determining substrate spe(fitigakina et
al. unpublshed data* Almost all ethylmalony+CoA specific ATs contain the conserved
VXGHS and A(G/S)H motifs (where X is variabl®)Usi ng t he validated
alanine scanning mutagenesis was used to identify important residaeshese conserved
sequences Thirteen residues were mutated to alanine usingdsiéeted mutagenesis.
Additionally, three otkr single mutants and one double mutant were made, T179V, M183Q,
M277V, and T179V/M183QThese mutations were selected bas#d sequence alignment
of KirCll with other known ethylmalonyCoA specific ATs. Valineglutamine andvaline
are commonly foundht positions 179, 183 and 27iespectively but interestingly KirCll

deviates from this consensus sequgRogure 16).
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Div AT4 SLAAVWAAG/EPAAWGHSIGEVAAAFVAGALSLEDAARVVLRSALFAAENGRGAVV261
MerAT4 SLAELWSSYGIPSAWGHSIGH AAACVAGALSLEDAKVVVLRSRLFAETLGNGAIA 477
FIUAT1 ALAALWESVERPAAWGHSGE/AAACVAGVLSLADAVRVVLRSRLFAAELBWRGAIA 223
TylAT5 SLAACWRDLGPAAWGHSIGEH AAACVAGALSLEDAARVALRSRAWLTLAGKGGMA 128
SfaAT13  SLAALWRSYEEPSAWGHS)GH AAAYVAGALDLRDAARVATRGKAWLTAGTGGMA 533
MonAT9  SLAAVWADYWETPAAWGHSIGEVAAACVAGALSLEDAARVAVRSDALRQ.QGHGDMA 353
KirCll ALVALWRSWEZDAVIGHSCE BABYAAGALTLDDALLIACRRSALLRRIAGRGALA 221
*

Div AT4 SVALGSEEVERRIAAHDGRLALGGRNSPAASTVVGDTEALTEFVARCKADRGWRA®)320
MerAT4 SVALPAEQLATRIEPWGERLAVAGVNGPAAATVAGDPQSLEEFVAACVADGYRARI36
FIUAT1 AVGLPAEVVRERIASLGGGLEVSADNGPASCAVAGPGQVLEEFVERLRGE@XRAB2

TylAT5 AVSLPEARLRERIERFGQRLSVAAVNSPGTAAVAGDVDALRELLAELTAEGIR&RP188
SfaAT13  SVALPRAEAAERLRPFGHRLDIAAVNDPRSVGDADALEEFLTGLETEGVRVRRQI 593
MonAT9  SLGTGAEQAAELIGDRPGVVVAAVNGPSSTVISGPPEHVAAVVAEAEARGLRIER 411

KirCll TTELSPEAAHALAASSGGRICVAGENSPRSTVLAGDTATLTALVEDLDRREINMRR 280

DivAT4 TVASHCAQVDPLHDRIVEMLAGIAPKPARVPFYSTVDEDTESLTGEYWFRNARFPV 379
MerAT4 TVASHGPQVEPLRERLLALLADVAPRQSTVPFYSTVTA®TTELDADYWFWNARKPI 595
FIUAT1 TVASHSQMVEPLREQLLEMLGPITPEAGRVPVYSTVNAAGSELGAEYWFANARRPYV 341
TylAT5 DTAGHISAQVDGLKEHLFEVLAPVSPRSSDIPFYSTVTGADTERLDAGYWYRNMREPYV 247
SfaAT13  VGAGHTAHVDALRDQLIETLAPTARSAPIAFCSTVTGGLLDTAGLDHHYWYRNARRTYV 652
MonAT9  GYASHGPQIDQLHDLLTEGLADIRPANTDVAFYSTVTAERLTDTTALDTDYWVTNLRQPV 47
KirCll TVASHSHYWDELRDDLAGALRPLSPVPSRVPFYSTVTRXPGTDLGPAYWMRNLREPV 339
*

Figure 16. Ethylmalonyl-CoA AT sequence alignment.The sequence for KirCIl was
aligned with six other ethylmalom@oA utilizing ATs: DivAT4 (divergolide synthase),
MerAT4 (meridamycin synthase), FIUATL1 (fluvirucin synthase), TylAT5 (tylosin synthase),
SfaAT13 (sanglifehrin synthase), MonAT9 (monensin synthase). Highlight code: geeen a
conserved residues, yellow are conserved residues for all ATs except KirCll, red is KirCll
divergent residues. The two catalytic residues (H285 and S181) are identified with an
asterisk.

All of the mutants were expressed in the holo form (see methodg)wified. After
acylation by Kir Clthe reactichs were hnalgzkdoby SPE&GEand i o n ,
densitometric analysis of tll@oomasie and DIBGstained gels, respectivelyo account for
any background labeling, a control in the absence of Kiv@s performed. For every
analysis, the background labeling was subtracted from the fluorescence intensity obtained in
the presence of each KirCIll enzyme. For all experiments, KirCll activity was normalized to
the WT reaction. Screening of the mutantseeded several interesting findingfSigure 17).

First, all of the alanine mutations resulted in a reduction in activity, with M183A, 1186A,
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V278A displaying no detectable activity. Additionally, the conserved T281 and S284
mutantshad very low activity when mutated to alanine. This reduction in activity may
indicate the importance of these residues. Of the-atmmne mutants, M183Q did not
express and no activity was measured. Interestingly, the T179V mutation affordeidld ~2
increase in KirCll activity. Though the M183Q mutant was not able to be expressed as
soluble protein, the double mutant T179V/M183Q was successfully purified and displayed
and exhibited a similar activity to WT KirCll. Similarly, M277V also showed a similar
activity to thewild-type enzyme. This result suggests that the effiylconvergent sequence

may be an important determinant in substrate specificity. Additionally, residues 179 and 183

could be targets fdurthermutagenesis to alter KirCll substratessificity.
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Figure 17. KirCll mutant screening. The azi do #Aclickd assay wa

activity of 17 KirCll mutants with azidoethylmalon@loA and ACP5". The fluorescent
signal was normalized to WT KirCll and is prassd as percent WT activity*) was not
expressed as a soluble protein.
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2.2.4 Screening of T179X saturation library

With the exciting discovery that the T179V mutation increases activity of KirCll
under the standar d f-d79iwaskfitheranvestgated. AoTA7®X t i on s
saturation library (where X = every other canonical amino acid) was created-dyeated
mutagenesis. Every expected substitution was identified by DNA sequencing of plasmids
prepared from the library members. Each mutaas wxpressed, purifiednd evaluated
using the azi(Rbore 1®)cSevemlknutatians,sTA79C, T179l, and T179M,
were identified with increased azidoethylmalo@@A activity, compared to the witype
KirCll. When conpared to the WT activity, the original T179V mutation (inspired by
sequence analysis) gported the highest activityf the twenty saturation library members.

Interestingly, all of the mutants with at least 10% activity or higher had hydrophobic side

chairs.
250 - KirCll T179Xcreening
200 -
o
¥ 150
|_
z
c
Q
2 100 -
[
o
50 - I I
0 - -JL
WTA C D E F GH I K L MNP QR S V WY
T179X Mutation
Figure 18 KirCll T179X screening. The azi do #Acl i cko assay was

of KirCll T179X mutants with azidoethylmalon@oA and ACP5". The fluorescent signal
was normalized to WT KirCll and is presentecpascent WT activity.
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To complement the engoint ingel assay andotestimate any improvement tife
initial rate of the T179V mutant, atimeour se experi ment was setup
repeated as before, but aliquots were taken every minutaxfoninutes. The data revealed
that the initial acylation rate of the T179V mutant was approximatéyd higher compared
to the WT KirCll, usingl00 pM azidoethylmalonylCoA (Figure 19). This resultagrees

with the end point da from the initial T179X library screen.

WT vs T179V Time Course

3.0E+07

2.5E+07

2.0E+07 y = 4E+06X1E+06

EmT179V

1.5E+07- oWT
1.0E+07-

5.0E+06+ y = 2E+06x548715

0.0E+00 \ \ \
2 4 6
-5.0E+06

Time (min)

Fluorescence (arbitrary units)

Figure 19. Time course analysis of T179VA time course assay was used to determine the
initial rate enhancement of the KirCll T179V mutant. Reaction aliquots were taken every
minute, wi ch wer e fAcl i &k and canalyzedt Hy yd® IflBof@scence.
Fluorescence intensity was represented by arbitrary units. The assay was performed twice
and experimental errors are shown as the standard deviation

2.2.5 Enzyme coupled acylation kinetts

Though the ficlickd assay was extremely u:
and investigating initial rate enhancementfyt ai ni ng a f ul | kinetic p
assay could be difficultRecently, a continuous, coupled enzyme assag used to

investigate the kinetics of several acyltransferagesduding KirCll (Figure 20).2° The
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release of coenzyme A (CoASH), which is catalyzed by the AT, is coupled to theitmrmat
of reduced nicotinai de adeni ne di nu eéetaglotaratedoehydfotyeAdseH )

(UKGDH) .

KGDH (420 nm)
a_
a—ketoglutarate + NAD® CoOASH ——  succinyl-CoA +NADH|+ CO,

f H,0 _» AT~X+H,0 — AT + X-OH
AT *XCoA AT~X <
ACP

AT~X*ACP —> AT + X-ACP

AT + X-CoA

Figure 20. AT coupled enzyme assayln the presence of ac@oA extender unit, the
acyltransferase se#fcylates and releases CoA, which is coupled tdNAproduction by
UKGDH. | f n o , heCaxtendes unip care s dyditolyzed and another@op

unit can be installed. In the presence of ACP, the AT can transfer the extender unit and then
load another acyCoA unit.

The coupled enzyme assay wasstfi validated using KirCll, ACP%, and
ethylmalonylCoA. The assay signal was dependent on the presence of both the AT protein
and acyCoA substrateRigure 21), and no activity was observenhlessall components of
the coupledreaction mixturevere presentdata not shown). In the presence of A€P5he
NADH conversion rate increased by fit@d, which is indicative of the ACP acylation.
Initially, a CoA calibration curve was used to convert the NADH fluorescent signal to
concentration. Interestingly, the CoA curve was not linear otnere. After further
investigation, the nctinearity of the calibration curve is caused by NADH signal drift
overtime. This may be due to hydrolysis of succi@glA, which would release additiah
CoASH and increase the NADH signal overtime. Because of this, fluorescence data was

collected for no more than five minutes and minus AT controls were used to subtract any
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background fluorescence and account for any signal drift. A NADH calibratiore cuag

used as a substitute for the CoA curve.

WT KirCll Coupled Assay Controls
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Figure 21 KirCIl coupled assay controls. Using the CoA release coupled assay, WT

KirCIl hydrolysis and acylation activity was measured. Controls reactions without enzyme
were used tevaluate the background fluorescent signal.

Using the coupled enzyme assay, WT KirCIl and T179V acylation rates were
analyzed using several substrates. Methyl, ethyl, allyl, propargyl, and azidoethyl malonyl
CoAs were prepare@Figure Al) and used in the coupled enzyme assaty the same
condi tions as t hassumiecaturating Substratescanditioribt) iesulting
reaction velocitieslikely approximate theVmna.. Compared towild-type KirCIll, T179V
showed improvenrgs withthree of the substratesthyl (1.9x), allyl (1.4x) and azido (1.5x)
(Table 1 andFigure 22). The rate of the T179V acylation with the propargyl substrate was
unchanged, while thenethyl extender unit was not accepted by either enzyiine azia

resultsarda n agreement with the ffrorh sectikno2.2.4FRulk ay
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kinetic parameters will need to be determined to fully characterize the specificity of the

T179V muant. Regardlessour initial results suggest théhe T179V mutanis the first

mutanttransAT with improved activity with a variety of malon@@oA substrates.

Table 1. KirCll T179V initial rate improvement.

T179V Initial Rate | mprovement
EthylmalonytCoA 1.90
Allylmalonyl-CoA 1.36
PropargylmalonylCoA 1.05
AzidoethylmalonyCoA 1.50
MethylmalonytCoA ND
EthylmalonytCoA 7 AllylmalonytCoA a

y =18.704x + 4.5634 § 40 4
T
= S, 30
20
y =9.8636x + 3.2304 mT179V 10 4
T T T T T T | 0
0 0.5 1 15 2 25 3 35
Time(min)
PropargylmalonyiCoA
2 40
<
y =13.749x + 0.1757 [}
*WT
mT179V
y =13.073% 1.5242 10
T T T T T T d 0
0 0.5 1 15 2 25 3 35

Time(min)

y = 20.284x + 6.9221

*WT

mT179V
y = 14.955x + 2.6792
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y = 10.376x + 3.0486
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mT179V
y = 6.9076x + 0.655 o
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Figure 22. KirCll WT and T179V coupled assay kinetics. Using the coupled enzyme
assay, thenitial reaction velocity of the KirCll T179V mutant was compared towhld-
typeenzyme using a series of extender units.
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2.2.6 Homology modeling andmolecular dynamicssimulations

Since a crystal structure for KirCll is not available, a homology modat w
constructed to better understand the importance of the T179 réBidues 23 and Figure
24A). Using the crystal structure of DEBS (deoxyerythronolide B synthase) AT3 (PDB
2Q03), homology models weoeeated for KirCll WT, T179V, and T179S (work by Edward
Kalkreuter)®® These models were in agreement with a previoushfighed KirCIl homology

model®’

Small
Subdomain

Linker
Domain

Subdomain

Figure 23. Docking model of KirCll and ACP5X". The docking model was created from
homology modeling after 10 ns of MD simulations. KirCll linker domain shown in green, the
large subdomain of KirCll is tan, the small subdomain is purple and ACBShown in
blue.
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The T179 residue isituated outside of the active site pocket, and it makes up part of
a beta s h ehgdrolase target shbainipladingit in close proximity toserine 314
(~5.7-CU) cadnd val i n<«€UBigire g4B)4 The threomeCdile chain
hydrogen bonds to the backbone amide of S314 and hydrophobically interacts with V93.
Interestingly, the loss of a hydrogen bond in T179V does not appear to significantly affect
the overall structure; however, there may be some more subit¢ustd changes as S314 is
responsible for four additional hydrogen bonds near the rear of the adgvcavity Figure
24C). Conversely, substitution with serine (T179S) and loss of the hydrophobic interaction
with V93 afford alarge shift in the global protein structure, especially in the ferreeiken
small subunit Eigure 24D). Because the small subunit is important for ACP5 binding, this
likely explains the loss of activity with T179S. Additionalsince mutations at residue 179
have the capacity to alter the structure of the small subunit, improved activity of T179V may
be because of an improved KirCIl:ACP5 interaction. Unfortunately, due to the transient
nature ofthis protein:protein interactim Kd values are difficult to measure, and exploration

of the role of T179V awaits further analysis.
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Small Subuni/

~
Distortion A -

N

Figure 24. KirCll homology model of wild-type, T179V and T179S Protein models were
created from homologsodeling after 20 ns of MD simulations Wild-type B) T179V. C)
WT/T179V overlay. D) WT/T179S overlay.

2.3  Conclusions
A fAclicko chemistry based cycloaddition
acyltransferase. The assay was used to ilyitsdreae 17 different KirCll mutants. Of those

mutants, two mutants (T179V and T179V/M183Q) showed improved activity with the azido
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extender unitResiduel 79 was further investigated by sa
screeningthree more mutants were dasered with improved activity (T179C, T179l, and

T179M). The most active mutant T179V had an initial &teld higher than thevild-type

KirCll (based on a tim&ourse experiment). T179V was further investigated using a coupled
enzyme assay to measur€RE"" acylation rates with other ac@loA extender units. These
experiments were in agreement with the HAcl i
substrate as well as two others. A homology model was created to better understand the 179
residue, with suggested that position may affect A€PSinding. Though further
investigation is needed into the T179 residue, we have provided evidence of the first mutant

trans-AT with altered and improved substrate specificity.

2.4  Methods
2.4.1 General

Unlessotherwise stated, all materials and reagents were of the highest grade possible
and purchased from Sigafal dr i ch ( St . L o uD-tlsogaladtdijle. (IPTIGs o pr o p
was from Calbiochem (Gibbstown, NJ). Bacterial strains of Escherichia coli Topl0 and
BL21(DE3) were purchased from ThermoFisher and Promega, respectively. Exactive Plus

ESI (ThermoFisher Scientific) was used for all high resolution mass spectrometry.
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2.4.2 Gene ¢oning

All primers were ordered from Integrated Technologies (see Appéndox list of
primers). All plasmid identities were confirmed by DNA sequencing (Genewiz It
genes foMatB T207G/306l, KirCll, Sfp, and ACP5 were previously cloned int&. coli

expression plasmids: %

2.4.3 Site-directed mutagenesis

This sitedirected protocol was adapted from the QuickChangeXL protocol (Agilent
Technologies). Primers were designed using the Agilent QuickChange primer design
program. All PCR reactions were set up and cycled using tlaengters in(Table 2). After
cycling Dpnl (1 pL) was added to each reaction and incubate at 37 °C for 4 hours. 10 pL of
reaction mixture was transformed into To.Ocoli cells and plated on the proper antibiotic
plate. The KirCll T179X saturation library was prepared using NNK primers CL210/CL211.
KirCll alanine mutants were prepared using primers CL2#253 and CL258CL265.
KirCIl M183Q was previously prepared by Dr. Irik@ryakina(unpublished resultsKirClI
M277VIM183Q, and KirCll M277V were prepared using primers CL254/CL255 and

CL266/CL267.The full sequence of each KirCll mutamas confirmed by sequencing.
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Table 2. Error prone PCR setup and cycling parameters

General Setu Cycling
DNA (50ngfiL) 1puL 1 95 °C 2 min
Ultra 10x Buffer 5 pL 2 95 °C 50 sec
dNTPs (10 mM) 1uL 3 60 °C 50 sec
Fwd Primer (10 pM) 1pL 4 68 °C 1.5 min/kb
Rev Primer (10 uM) 1uL 5 Repeat steps-2 for 29 cycles
DMSO 3L 6 68 °C | 7min
Water 37.5 uL
Pfu Ultra 0.5 uL
Total 50 pL

2.4.4 Protein expression and prification

Expression and purification of MatB T207G/M306!, KirCll, Sfp, ab6P5"", holo-
ACP5Y" were performed as previously descriféd® KirCIl mutants were expressed using
the wild-type procedure. Unless otherwise specified, proteins were purified by Fast Protein
Liquid Chromatography (FPLC) with 1 ml Histrap affinity columns using the following
buffers: wash buffer [20 mM phosphafpH 7.4) containing 0.5 M NaCl and 20 mM
imidazole] and elution buffer [20 mM phosphate (pH 7.4) containing 0.5 M NaCl and 200
mM imidazole]. The purified protein was concentrated ugingcon Ultra centrifugal filters
and exchanged into 50 mM T4#$Cl pH 7.4 containing 100 mM NaCl and 10% glycerol
(TNG). The protein was aliquoted and stored&0 e C. Protein purity we
PAGE and protein concentration was measured by Bradford Protein Assay Kit. The masses
of the purified proteinsvere confimed by electrospray ionization mass spectrometry. The
KirCll alanine and mutants were purified by batch purification using -A'™NA agarose

protocol (5Prime).
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2.4.5 Malonic acid synthesis

Synthesis of A2-azidoethyl) malonic acid and(prop-2-yn-1-yl)maonic acidwere
synthesized as previously described in the publigirededuré* All reagents used were
commercidly available and were of the highest purity available. The products were verified

by proton NMR and mass spectrometry.

O O o o O O
NaN NMP TEA:HCI Na H, Hy - _
/\O)JXU\O/\ 3 /\ e} 0)
reflux, 60 hr RT, 48 hr
N3
) ) ()
Figure 25. Synthesis of azidoethylmalonic acid
O O O O
- NaOH, H,0  _ B
o) o) — 0 o)
65°C
X X

(6) (7
Figure 26. Synthesis of popargylmalonic acid.

2.4.6 Chemoenzymatic synthesis of malonyCoA analogs
Chemoenzymatic synthesis of malo®@dA analogs was performed in 500 ul of
reaction mixture containing 100 mM sodium phosphate (pH 7), MCmM), ATP (10
mM), coenzymeA (8 mM), mal onat e (10 mM) ) , and mut an
overnight. Production of malon@oA analogs was confirmed by HPLC and-MS. HPLC

analysis was performeas described in Koryakina etl.
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2.4.7 Copper catalyzed azidealkyne cycloaddition assay
For ficlicko reaction betweerd with alkyne rhodamine4j, 5 03 aadMivefold
excess of alkyne rhodamine dye was used, sodium ascorbate (1 mM final concentration) was
then added into the tube, followed by {fieenzyl triazolylmethyl)amine ligand (TBTA) (100
eM final c 0 n ¢ e p(iL mM final concitrateom).dT heGnix®r® was allowed to

react for 1 hour at room temperature

2.4.8 General procedure for KirCll assay
KirCll assay was performed26e L of reacti on mi xt-HGle cont
(pH 7.5), 50 mM MgGJ, 100e M azi doet hy ROd&a Mo hAAPS" Camd0,5

eM KirCll at r @0mntemperature for

2.4.9 Strain-promoted azidealkyne cycloaddition assay

The strainpromoted azidalkyne cycloaddition assay was performed in a total
volume of8 pL and contained pl of KirCll assay mixture and2 pl of 250 M of DIBO-
Alexa Fluor 647 (Life Technologies). The reaction was incubated in dark at room
temperature with gentle agitation 8@ min The reactions were boiled after additior2qfL
of 5x protein loading dye for 5 min before analysly SDSPAGE. The gels were scanned
using a Typhoon 7000 phosphoimager to determine the intensity of°‘®t&®eled proteins
bands. The bands were quantified by ImageQuant TL software (GE Life Sciences), and the

rubberband background subtraction methveas applied.
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2.4.10 KirCllI titration assay

KirCll titration assay was performed#%e L of r eacti on mi xtur e
Tris-HCI (pH 7.5), 50 mM MgG, 100e M a z i d o e tOoA, 2 @ | © NACRE'] o
and proper amount of KirCll at room temperatdéoe 10 min. 6 ¢ L o f KirCl | r

mixture was then removed for strgpgnomoted azid@alkyne cycloaddition assay.

2.4.11 KirCll time course assay

KirCIl time course assay was performedsibe L of reaction miXxtur
mM Tris-HCI (pH 7.5), 50mM MgCl,, 100e M a z i d o e tCoA, kOdba Mo m-w Il o
holoACP5"", and0.5¢ M Ki r CI | at r 60coLidiqubt®e wepeerenemved ate .
different time points and frozen with a dry ice bath before being used for-gtoamoted

azidealkyne cycloaddition &ay.

2.4.12 Enzyme coupled asay

The coupled enzyme assay was adapted from Dunrfefasays were run in black
96-well half area microtiter plate$s(einerBio-one, Cat# 675075). NADH fluorescence was
monitoredusing a Synergy 4 Microplate Reader (BioTek Winooski, VT, USA). Samples
were illuminated with a tungsten light source and a 360 nm filter, and fluorescence emission
was monitored using a 400 nm dichroic mirror with a 460 nm filter. The sensitivity wias set
the well of the highest concentration of NADH on the control curve. Reactions were run for
five minutes using the minimum interval between measurements. Assay components were

prepared in three different solutions: solution (1) contai€®5"", U K GNBBH, TPP,
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a n dketbhlutaric acid at four times their final concentration; solution (2) contained the acyl

CoA substrate prepared at four times its final concentration; and solution (3) contained
KirCIl prepared at twice its final concentration. All dauas were prepared in 50 mM

sodium phospha buffer, pH 7.6, 10% glyceroBolutions were added to theells in the

following order:25 e L of solution (1), 25 ¢eL of sol |
which initiated the reaction. Combination of dadns (1) and (2) prior to the start of
measurement allowed any free Coenzyme A in the-@oy stock to be consumed. Final

assay concentrations were: 50 mM sodiunogphate, pH 7.6, 10% glycerol 0. 4 mU/ ¢ L
UKGDH, 0.4 mM NRP+, 2-ketoplutawMcid, 0.5cM KirCll, 100 €M

acyFCoA, and 20@M ACP5".

2.4.13 Homology model and snulations of KirCll, T179V and T179S

Homology models for wildype KirCll, KirCll T179V, and T179S were created
using the {TASSER online servél: % Mutations were introduced into structurally
converged wildype models with Discovery Studio 4.1 (Accelrys Software, ffc.).
Molecular graphics and analyses of MD trajectories and 8iapshots were performed with
VMD 1.9.2 and UCSF Chimera 1.16%%* Further analysiswas performed with
CPPTRAZ®

Using the AMBER14 software pwecckeugatized i ndi \
with Xleap®® The enzymes were parameterized with ff12SB and GAFF force fields from the
AMBER14 software packagePrior to production MD simulations, solvated systems were

treated with four heating and seven minimization steps. Steps 2, 3, 5, and 11 heated the
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system to 300 K over times of AMWO0 ps each. The first nine steps held the protein fixed,

with the restrait constant being lowered each step. Steps 10 and 11 used no restraints.
Minimization steps were completed when the change in the root mean square was below 0.01
kcal / mol Aj for t he first t wo mi ni mizati on
remaining nmimizations. Production simulations lasted between 30 ns and 100 ns for known
mutants and WT models @r2 ns for predicted mutationStep times were 2 fs. The non

bonded interaction cuiff was imposed at 9.0 A.
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CHAPTER 3. Development of an UltraHigh-Throughput FACS Assay for

Screening Polyketide Synthas&lachinery

3.1  Introduction

One of the most studied modulgpe | PKSs is DEBS, which is responsible for the
producing the erythromycin precursordéoxyerythronolide B @EB). In this PKS six
methylmalonytCoA specificmodules harbor the requisite ACP, AT, and KS domain. Three
additional domains are also preseimt some of the modulesketoreductase (KR),
enoylreducase (ER), and dehydrogenase (DHihe final 6DEB product is released and
cyclized bythe thioesterase (TE) domain and then further modified to yield Erythromycin A
(Figure 32). The chemical synthesis &frythromycin Arequiressixty-nine steps with a yield
of less than 0.03%. Consequently, the ability to chemically synthesize combinatorial
libraries of erythromycin analogs is wly as difficult. Bioengineering approaches to
production of these libraries has become increasingly popul@hrough different
approaches, such as domain substitution and module swapping, in some cases new
polyketides have been generated, but generally at a redaised yield” **°Generally, the
failure of combinatorial biosynthesis efforts is attributed to a lack of understanding of
protein:protein interactions, substrate channeling, boundary selection, and substrate
specificity within huge, multmodular meganzyme complexes such as PKSse avenue

to solving these issues is through protein engineering platforms such as directed evolution.
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Figure 27. Biosynthesis of @EB by 6-deoxyerythronolide B synthase.The propionyl
starter unit is incorporated by the loading domain. Methylmal@oA units are added by
each module to extend the polyketide chain. After module 6 the chain is cyclized by the TE
domain to yield BEB, which undergoes five gstbiosynthetic modifications to yield

Erythromycin A.

3.11 Directed evolution

In the field of enzyme engineering directed evolution has emerged as a powerful tool

to alter enzyme activity” Unlike other protein engineering methods, directed i@t does

not require prior knowledge of protein structure or mechanism. This method takes advantage

of random mutagenesis to create large, diverse libraries of mutant enzymes. These libraries
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can be expressed and screened or selected to discover matanes with new or improved
activity (Figure 28).
. @ @ o
NNNNNN
INNNNN\S\ e
NNNNNS\

Protein Expression
NNNNNSN\

Library of ’
Mutant Genes '
Screen/Selection

NNANNNN

0 Natural Gene

Characterizg_Positive Hits

' N

Mutate and Repeat

Function

Cycle
Figure 28. Directed Evolution. A gene is diversified by mutagenesis to create a library of
genes, which are expressed into proteins. The protein lilsréingn screened for activity and

positive hits are identified. The hits are characterized and the DNA from each hit can be re
diversified and the process repeated to increase activity.

The most crucial part of this strategy is the ability to screen ectsér desired
activities. All screens or selections must provide a link between the genotype (gene
sequence) and phenotype (enzyme activity). For example, each well of a microtiter plate can
serve as a vessel to separate each genotype/phenotype palra®back to microtiter based
assays is that even with robotic automation, only up fdilry members can be analyzed
per day. While this may be sufficient for simple structgueded mutagenesis libraries,
important mutations, such as unpredicted stdldc sites, can be easily missed with small

library sizes:®* Often, multiple synergistic mutations are required to generate new activities,
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thus library sizesan be quite large. Techniques such as error prone PCR can generate > 10
library diversity, but robust screening/selection methods are neededvey the large
sequence spac&

Many elegant ultrdnigh-throughput strategies have been recently developed to screen
large mutagenesis libragebut unfortunately none of these have been applied to individual
PKS machinery®® More general strategies are neededeferymegroups that are diffictito
engineer, such aPKS acyltransferaseBecause enzymeatalyzedacyl transfer isnot
fluorescent or chromogenic, it is quite difficult to screen for this activity. To address this
generalchallenge, recent approaches have explored endyspiay platorms such as yeast

77,104106

display.

3.1.2 Yeast surface display

Yeast surface display (YSRJlows for the expression of a target protein on the cell
surface via a fusion to an anchor protein. The yeastpoallides a platform for displaying
the phenotype of a protein while maintaining the genotype link inside theY&ll.was
originally developed to screen libraries of antibodies against new antfjefise initial
design fused a tagglutne prot@noAgazgare 29). Tthe Aga2dusidh
is secreted outside of the cell and is anchored to the Agal protein via disulfide linkages.
Yeast cells were incubated withflaorogenic antigen, which was easily detected by flow

cytometry.
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Figure 29. Yeast surface display The plasmid inside the yeast cells encodes for the Aga2
antibody fusion protein. Upon expression, the fusion protein is seaatsile of the cell

and anchored to the Agal protein. A fluorescent antigen is incubated with the displayed
antibody. Upon binding, the cell can be detected by fluorescence measurements.

While this system works very well for screening libraries of bingir@eins, only a
very small number of examples emplg$D for directed evolution of enzymatic activity
106.197E6r example, DhbE, the adenylation domain from the bacillibactin NRPS, was recently
subjected todirected evolution byYSD. The strategy leveraged binding affinity of
bisubstrate analogue probes to identify mutants with improvements in specificity towards
several nofmatural substrateS he incredible throughput of this approach was utilized by
fully randomizing four active site residues, providing a theoretical library size of £.6x10
Although this is a veryelegantstrategy, it cannot be applied to other enzymes including
PKSs.

Inspired by this challenge,erhave proposed a noveKS directed evolutn strategy

usingyeast surface displa¥igure 30). PKS machinery can be displayed on the cell surface
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as a fusion to AgaZThe initial design will rely on the transfer of reactive functionalized
substrates. Accordingly, enzyreatalyzedacyktransfer can then be detected by incubation
with the corresponding reactive fluorophore and sorted by Fluorescence Activated Cell
Sorting (FACS). Onlysuccessfully acylated cells will remain

To this end, we aim to validate this strategycbynbining theproposedyeast display
strategywi t h t he Acl i cko chemistry screen devel o
system was created to display ACPs on the yeast cell suRaped 31). This system was

used to opmize and validate&n det ect i on of inddiéed &cyl extenderer o f

units (Figure 32).
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Figure 30. Yeast display evolution schemeA library of mutant enzymes displayedon

the yeast desurface. Active enzymes (red) catalyze the transfer of the reactive handle to the
protein substrate. Inactive enzymes (black) cannot transfer the reactive handle to the yeast
cell surface. Cells that have been correctly modified with the reactive haadlebe
fluorescently labeled via a bioorthogonal reaction. FACS will be used to separate the active
from inactive enzymes. Yeast cells containing active mutants can be poetgdywre and
analyzed. Subsequent rounds of screening and/or mutagenesis aased to improve
activity.
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Figure 31. ACP yeast displayplasmid. The ACP (green) is displayed as a fusion to Aga2
with a cterminal eMyc tag (red).
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Figure 32 ACP yeast display strategy for detection of azido-acylation.
AzidoethylmalonyCoA is used to enzymatically acylate the displayed ACP. An alkynyl
fluorophore is used to detect the azide transfer vididlieko reaction. Labeled cells can then

be analyzed by FACS.
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3.2 Results and Discussion

32.1 Invitro labeling of ACP&°5°

As an initial proofof-principle, the promiscuous protein labeling tool Sfp
phosphopantetheinyl transferase (see methods) was used to transfer azidoethylDw#onyl

to ACP&®° (i.e. the ACP from module 6) from DEBigure 33). The reactions were
analyzed by SD®AGE anddensitometric analysis of ti@oomasie and DIBOstained gels

(633 nm) respectivelyFigure 34). An intense fluorescent band corresponding to the same
molecular weight of ACP6 was clearly detected in the presence of Sfp. MS analysis
confirmed the addition of the fluorophore. Léavel background fluorescence was detected

in the reaction in the absence of Sfp, which has been previously observed with the
hydrophobic fluorophores. This result demonstrates the feasibility of usiFdge€dclicko

chemistry to detect AGHisplayed azidenodified malonate analogues.

b b
- ‘ - ‘ Click
f H Sfp f 5%— Reaction
* - x
% DlBo647
O COASJL{% O

't_b 9 't_b 9

apo-ACP6DPEBS

Figure 33. Sfp labeling of ACP6.Sfp catalyzes the transfer of azidoginalonytCoA to a
conserved serine of ACP6. DIBBis ficlicked with the azide to fluorescently label ACPS.
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Figure 34. AClick 0 labeling of ACP6.A) Coomassie stained SEFAGE of azido modified
ACP6°F8S ficlicked' with DIBO®* (left) and he same gel imaged witit 633 nm(right). B)
Deconvoluted mass spectrum of azatylated ACPB™2° ficlickedd with DIBO®*". The
11784.98 peak corresponds to azaylated ACP6. The 12946.19 (+1161.21) corresponds
to the addition of DIB&.
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3.2.2 Cloning and expression of yeast display plasmid pCTCON

In order display the ACP%®° protein on the yeast cell surface via Aga2, the
ACP6°2° gene was cloned into the yeast display plasmid pCTCON at-teerinus of the
Aga2 protein, providing & vector ACP§CTCON (see methods for experimental details).
A C-terminal eMyc tag was also included at the terminus of ABP8to allow verification
that the fultlength protein was displayed. To test this, AGRBI CON was transformed into
EBY100 cellsand protein expression was induced by the addition of galactose-Nige c
tag was coupled with a primary antibody, which in turn was labeled with a fluorescent
(AlexaFluor 488) secondary antibody. Confocal microscopy confirmed the display of the
ACP6°BS protein on the cell surfacéigure 35). Similarly, ACP&E® labeled yeast cells
were analyzed and subsequently distinguished frorrempressing yeast by FACE&igure

36). Only yeast cells displaying fulength ACP8%2%c-Myc will be appropriately labeled
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with the antibodies. FACS analysis showed that ~50% of the cells were fluorescently labeled.
Typical expression rates vary from -90% depending on the protein. Optimization of

expression conditions camnificantly improve amount of displayed protein.

A) B) C)

Figure 35. Confocal microscopy of yeast cells expressing ACP6> on the cell surface.
A) Imaged at 488 nm. B) Bright field image. C) Overlay of the 488 nm image aruwligjne

field image.
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Figure 36. FACS analysis of yeast displayed ACPE®S. Yeast cells displaying ACP8%S
with a cterminal eMyc tag were coupled with AlexaFluor 488 secondary antibody. A)
General display scheme. B)igtbgram overlay of unexpressed (blue) and expressed cells

(green).
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3.2.3 Detection of azideacylation of ACP6°=2° displayed cells

Next, attention was turned to demonstrating that swdisgglayed ACPB=®° could
be used to report acylation of an aziodfied malonylCoA analogue. With ACPE®S
displayed on the cell surface, the promiscuous phosphopantetheinyl transferase, Sfp, was
used to catalyze the transfer of the phosphopantetheinyhamgty of azidoethylmalonyl
CoA to the carrier protein. Sfp hbsen shown to quickly and efficiently transfer Clidked
substrates to a variety of ACPs. AzidoethylmaleBglA and Sfp were added to ACP8°
displayed cells and allowed to react for 1 hour. The cells were then treated with th&DIBO
for ligation andsubsequent detection of the azido group. The cells were washed and analyzed
by confocal microscopy.

Initially, due to the known fast rate of the Catalyzed azidalkyne Huisgen
cycloaddition reaction, the Gumediated conjugation of the alkyne fluoropdavas used to
establish whether the azide had been installed onto the yeast displayetF ACRBhough
copper is known to be toxic to cells at high concentratisome reports of Caoatalyzed
i c | ireadtigns have been successffil.'® Unfortunately, the treatment with the Cu
reagents induced cell lysis (data not shown).

Since the Ctc a t a | clickOeedctiolm appeared to be too toxic for cell surface azide
detection, a new approach was developed. Ther&ustrained cyclooctyne DIB®’
(LifeTechnologies)as used to detect azide incorporatibig@re 37A). Gratifyingly, since
the DIBO reagent is netoxic, the cells did not adsorb the fluorophoreg(ire 37B). There
is a distinct fluorescence intensity difference in cells treated with both Sfp and

azidoethylmalonylCoA versus cells treated with only azidoethylmale@glA. Further
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analysis by flow cytometry revealed some cells not expressing A€P&ere als labeled
with the DIBO reagentHigure 37C and Figure A4). Clearly, the DIBG* was causing
some degree of background labeling that needed to be further minimized to improve the

sensitivity of the assay.
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Figure 37. Analysis of DIBO* ficlicko reactions. A) Yeast cells displaying ACP8®®

were reacted with Sfiand azidoethylmalonyCoA, then with DIBG*". Negative control,
yeast cells displaying ACPE®® incubated only wittazidoethylmalonylCoA, thenficlickedd

with DIBO®*’. B) Confocal microscopy of yeast cells at 647 nm. C) FACS scatter plots of the
yeast cells. The-axis (488 nm) corresponds to ACPB® expressiorvia the eMyc tagand

the yaxis (647 nm) correspondsttte DIBG*' signal.
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3.2.4 Optimization of labeling strategy

To further develop the/SD assay, the azide detection method was optimized to
reduce background and maximize the labeling efficiency. Since the DIBO reagent is not cell
permeable, the backgroundbkling was hypothesized to be a combination ofspetific
binding of the fluorophore to the cell surface and-desired reactions between the cell
surface proteins and the cyclooctyne. Optimization of the buffer conditions as well as the
addition of B\ to the labeling buffer reduced the background labeling byfolb (Figure
A5). With the norspecific binding reduced, the nalesired cyclooctyne reactions were
investigated. Though cyclooctynes, including the commercial DEHgents, are reported to
be bioorthogonal, there is evidence to suggest cyclooctynes can readily react with thiols
(Figure 38A)."° Because yeast cells contain an abundant amount of surface exposed
cysteines, the addition of iodoacetamide (IAMgs evaluated to block the potential thyole
reaction. The IAM significantly reduced the background and when combined with the
optimized buffer conditions yielded an approximatefsid decrease in background signal

(Figure 38B).
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Figure 38. Optimization of DIBO®* background. A) The unwanted thieyne reaction can

be prevented by the addition of iodoacetamide. B) Effect of BSA and IAM in reducing
background of DIB& labeling. Mean fluoresmce units calculated from FACS analysis
data Figure A5).

With the DIBO background labeling minimized, further optimization was performed
to improve the overall signal. Because of the variability of the FACS tha¢aassay cannot
be evaluated using traditional screening metrics such as -faetat. Additionally, the
ultimate success of most FACS experiments is dependent on the ability to gate and collect
subpopulations that contain little or no false positivesmodified signal to background

calculation was used to duate improvements in the assay:
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. Gated Signal
E ion 1: B=
quatio S/ Gated Background

This modified S/B equation was used to evaluate varying conditions to improve the
success of the overall assay.tekf optimization of expression conditions, IAM/DIBO
concentration, and IAM/DIBO incubation time, the S/B was improved more than seventeen

fold (Figure 39, Figure A6, Figure A7, Figure A8).
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Figure 39. Optimized DIBO®"’ labeling. ACP68°"° displayed yeast cells labeled with Sfp
using the optimized DIB8’ and IAM conditions A) FACS analysis of labeling reactions.
The xaxis (488 nm) corresponds to ACPB° expressiorvia the eMyc tagand the yaxis
(647 nm) corresponds to the DIBDlabelingsignal. B) Confocal microscopy of yeast cells.
Imaged at 488 nm and 647 nm with the overlay of the bright field image.
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Though the S/Bvas much improved, the total number of positively gated cells was
relatively low with respect to the total population of expressed cells. Alteration of the azide
transfer step, including changes in the enzyme and substrate concentration, did not improve
labeling. Two additional possible factors were further investigated for improvement and
included the kinetics of cycloaddition and improving the signal amplification by the
fluorophore.

Kinetically, the cycloaddition can be improved with the use of altemnat
cyclooctynes. It has been shown that a ~ 10x rate improvement is possible when the
heteroatom is changed to nitrogéhThe commercially available dibenzoazacyclooctyne
fluorescein (DBCA™®) was tested in comparison to the DBO Unfortunately, no labeling
was detected with the new cyclooctyri@glure A9). Additional cyclooctyne variations are
known, such as biarylazacyclooctynone (BARAC), but are not comnigreiilable and
require multiple step syntheses.

An alternative secondary labeling strategy was proposed to boost the labeling signal
(Figure 40). DIBO®* was replaced with DIBBf™, which can be coupled with a streptavidin
conjugate, Streptavidin Phycoerthyrin ($k). This strategy is beneficial in several ways.
First, the secondary labeling reduces13pecific labeling of théluorophore. Secondly, the
fluorescent properties of PE are much improved with a 2.5 higher quantum yield and a 10x
higher extinction coefficient. Additionally, the biotin labeling strategy alléovsvariety of
streptavidin conjugates to be used inclgdmagnetic streptavidin beads for magnetic cell

sorting.
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With the introduction of the SA&E labeling strategy, the overall labeling efficiency
was dramatically enhanced, which resulted in a 5x improvement inFgjBré 41). After
further optimization of the SRE labeling(Figure A10 and Figure All), the S/B was
improved to ~1000 fold over the original DIBD labeling (Figure A12). This results in
effective false positive rate of 1 in every 10,000 positives, which is excellent for any screen.
Table 3 highlights the optimization of the assay (see methods for final optimized labeling

procedure).
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Figure 41. Optimized DIBO®*""/SA-PE labeling. FACS analysis of ACP&®° displayed
yeast cells reacted with Sfp and azidoethylmald@®yA using the optimized DIBEF""/SA-
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PE labeling conditionsThe xaxis (647 nm) corresponds to ACPB® expressia via the ¢
Myc tagand the yaxis (PE) corresponds to thiabeling signalThe ontrol reaction did not
contain Sfp.

Table 3. Optimization of YSD assay.

Optimization Buffer BSA IAM [ DIBO647 DIBO Biotir|Labeling Timq Gated Gated S/B

Step (mg/ml) | (mM) (uM) (UM) (min) Signal | Backgroung
1 Tris 0 0 5 - 30 3.13 0.85 3.68
2 Tris 1 10 25 - 60 3.82 0.29 13.17
3 PBS 1 10 1 90 11.09 1.1 10.08
4 PBS 1 10 2 90 12,5 0.92 13.59
5 PBS 1 10 3 90 17.04 1.01 16.87
6 PBS 1 30 2 105 17.93 0.52 34.48
7 PBS 1 50 2 - 105 14.79 0.23 64.30
8 PBS 1 50 - 3.5 105 53.35 0.21 254.05
9 PBS 1 50 - 4 105 70.46 1.06 66.47
10 PBS 1 100 - 4 105 68.67 0.19 361.42
11* PBS 1 100 - 4 105 36.91 0.01 3691.00

*Dako Cytomation MoFlo Cell Sorter used

3.2.5 Labeling of DEBS Module 6 and other alternative ACPs

With the assayully optimized, the versatility of th& SD system was evaluated. The
ability to display other polyketide enzymes and even full modules would be extremely
valuable. DEBS module 6 (Mo, Mod6®®pK S, a n6*pMSdhE wer e cl or
into pPCTCON and displaed on the yeast cell surface. After azide transfer and labeling, the
cells were evaluated by FACS. Interestingly, all of the constructs showed some degree of
expression according to detection efgc tag, which appeared to decrease with increasing
proten size. However, only ACP65° and the KRACP6°5S displayed proteins showed the
ability to be acylated by Sfp. This is not too surprising due the sheer size of the modules as

well as their delicate nature.
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Figure 42. Labeling of DEBS Module 6.FACS analysis of DEBS Module 6 displayed yeast
cells reacted with Sfp and azidoethylmale@gA using the optimized DIB®"/SA-PE
labeling conditionsThe xaxis (647 nm) corresponds to ACIEB® expressiorvia the eMyc
tagand the yaxis (FL2-H) corresponds to theE labeling signal.
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To show that this strategy further extends to a variety of ACPs includindgikién
carrier proteins, several other AQRTCON constructs were created. The genes for ACP2
from the second module of DEBS (ACP2%, ACP5 from the fifth module othe
kirromycin PKS (ACP5), ACPp fromE. coli fatty acid synthase (ACPP’), and ACP1
from the first module of fluvirucin synthase (ACPA were cloned into pCTCON and
successfully transformed and expressed on thetyssl surface. After azide transfer and
detection, the ACPs were successfully labeled at varying S/B efficiencies (

Table 4, Figure A13). The variation in S/B across the panel of ACP&aly due to
the difference in expression conditions as well as the gate settings during analysis. In the case
of ACPZP®®5the expression and gated signal was exceptionally high, but S/B calculation was

affected by the lower gate setting.

Table 4. S/B data for various acyl carrier proteins.

. Gated
ACP [ Gated Signal Background S/B
ACP5 Kir 53.79 0.07 768.43
ACPp FAS  69.88 0.2 349.40
ACP2DERS 81.2 1 81.20
ACP1Flu 28.6 0.6 47.67

3.2.6 Mock enrichment experiments
With the assay fully optimized and vali
to sort azideacylated cells was tested. A mock sort was designedielshaVT ACPE=BS

yeast cells were diluted with cells displaying an AE®8 knockout mutant. The ACPE®S
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catalytic serine (S45) was converted to alanine, which prevents phosphopantetheinylation
and subsequent transfer of the azide. WT A€PBcells werediluted at 1:100 and 1:1000

with ACP6°®°%K0O and labeled using the optimized conditions. The top fluorescent
population was sorted for each mixture. The gated cells were collected and recovered. These
mock sorts mimic the expected distribution of active imadtive enzymes in typical directed
evolution experiments. After isolation of the DNA the enrichment values were calculated. In
both mixtures, the WT ACP&®° gene was completely enricheBiqure 43, Figure A14,

and Figure A15). Because twenty colonies were sequenced and no ZE®R® was found,

a minimum enrichment factor was calculated assuming at least four knockouts per one
hundred colonies. This resulted in a minimum emmeht factor of 24,000 for the 1:1000 sort

and 2,400 for the 1:100 sort. An enrichment factor of 24,000 is excellent for any FACS
screen. Additionally, this experiment was extended to the kirromycin system.“AGRS

diluted with the corresponding alanik@ockout, S63A (ACP&KO). WT ACPE" was
significantly enriched when labeled using Sfp, but not completely enriched due to the less
conservative gatingHgure A16). These results collectively suggest that this assay can be
usal to enrich yeast cells displaying azdoylated ACPs from mixtures containing

predominantly yeast displaying inactive (racylated) variants.

WT
. —post sort
Equation2: Enr i chment %ﬁ—pa—&tor (EF) =
<Pre sort
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Figure 43. Mock sorting experiment. WT ACP6°2° yeast cells were diluted with a
knockout variantand reacted with Sfp and azidoethylmale@gA. The cells werdabeled

using the optimized assay, and sorted by FACS. The gated cells (R3) were collected and the
plasmd DNA was recovered and sequenced. Enrichment factor values were calculated based
off the minimum possible number of ACPFEKO plasmids recoveredhe xaxis (Alexa

647) corresponds to AGP=®° expressiorvia the eMyc tagand the yaxis (PE) corresponds

to thePElabeling signal.

3.3  Conclusions

In an effort to expand the throughput of screening polyketide synthase machinery, the
ficlickd chemistry strategy proposed @hapter2 was applied tor'SD. The ACP6 gene from
DEBS was cloned into a yeast displagghid, which allowed for robust expression on the
cell surface. Using the promiscuous phosphopantetheinyl transferase, Sfficlithe
chemistry labeling was fully optimized, which resulted in excellent azide detection. This
assay was further applied tther carrier proteins including nd?KS ACPp from thé. coli.
fatty acid synthase. The effectiveness of the FACS strategy was successfully evaluated using
a mock screen, which yielded an approximate enrichment value of 24,000. This demonstrates

the first ultra-high-throughput assay to screen for polyketide synthase acylation activity.
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Furthermore, thigiclicko assay can be generally applied to all enzymes and proteins which

transfer or accepiclicko chemistry modified substrates.

3.4  Methods
3.4.1 Generd cloning

All primers were ordered from Integrated Technologies (see Appéndox list of
primers). The genes for Sfp, ACP6°, ACPZP8S ACPS", ACPPg”"°, Mod6 =®° were
previously cloned intcE. coli expression plasmid¥: 8" 1*#The FIUACP1 plasmids was
kind gift from Nathan Schnarr (University of Massachusetts, Amhd?&gsmids identities

were confirmed by DNA sequencii@enewiz Inc.)

3.4.2 Yeast plasmid cloning

All ACP genes were PCR amplified withd/BanH]| restriction sites using primers
CL54/CL55 (ACP8F29), CL206/CL20 (ACP2EES) CL43/CL44 (ACPS"), CL144/CL145
(ACPP™), CL193/CL203 (ACP1™), CL1®/CL105 (Mod6%29), CL103/CL105
(Mod6”™pK S) , CL104/ EFRKWBATO)Modabnd subcl oned i
plasmid pCTCON, as an Aga2 fusion. pCTCON was a kind gift from Balaji Rao (North

Carolina State University). pPCTCON was sequenced with primers CL71 and CL72.
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pCTCON f1 (+) origin

ColE1 ori

Terminator.—(

Figure 44. Plasmid design of pCTCON

3.4.3 Site-directed mutagenesis of ACPs

Site-directed mutagenesis was performed as described in s&#ddh Using the
ACP6pCTCON construct above, an alanine knockout mutant AEP6 S45A
(ACP6°%K0) was created usinprimers CL148 and CL149. Similarly, ACRPETCON
was used as a template for giieected mutagenesis. Primers CL148/CL149 were used to

make the alanine knockout mutant ACPS63A (ACP%"KO).

3.4.4 Protein expression and purification

Sfp was expresseaahd purified as previously described in secioh4

3.4.5 Chemoenzymatic synthesis of malonyCoA analogs

AzidoethylmalonylCoA was prepared as previously described in setib1t
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3.4.6 Yeast strains and transformation

Saccharomyces cerevisiadrain EBY100 was used for all experiments. EBY100
contains a stably integrated Agal gene, which is under the control of the GAL promoter.
Individual plasmids were transformed into EBY100 cells using EZ Transformation Il (Zymo
Research). Plasmid DNA was hasted from yeast cells with the Zymoprep Yeast Miniprep
Il kit (Zymo Research). Yeast cell frozen stocks were prepared with the addition of glycerol

(20% final concentration) and stored-8d °C.

3.4.7 General yeast materials and methods
All solutions were filter sterilized with a 0.2 um filter and stored at 4 °C unless
otherwise specified.

YPD (Yeast Peptone Dextrose) MeditD g/L yeast extract, 20 g/L peptone and 20 g/L

dextrose in deionized @ (autoclave sterilize).

SDCAA Media 20 g/L dextrose, 6.@/L yeast nitrogen base, 5 g/L casamino acids, 5.4 g/L

NaHPO,, 8.6 g/L NaHPOy-H20 in deionized BD.

SDCAA Media pH 4.520 g/L dextrose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acids,

7.46 g/L citric acid monohydrate, 10.4 g/L sodium citrate inmieed HO.

SGCAA Media 20 g/L galactose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 5.4 g/L
NaHPO,, 8.6 g/L NaHPOy-H20 in deionized BD.

SDCAA plates First dissolve 5.4 g N&IPOy, 8.6 g of NaHPO,-H,0, 182 g sorbitol and 15

g agar in 900 ml denized HO and autoclave. Also dissolve 20 g dextrose, 6.7 g yeast

nitrogen base and 5 g casamino acids in 100 ml deioniz®dskEjparately and filter sterilize
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withaO2em filter. Cool t he autocl aved solutio
solution.

LIAc-DTT buffer- 0.1 M lithium acetate, 10 mM DTT (prepared fresh).

E buffer 1M Sorbitol, 1 mM CaGCl(autoclaved).

Recovery Medial:1 mixture of 1 M sorbitol and YPD.

PBS buffer 8 g/L NaCl, 0.2 g/L KClI, 1.44 g/L N&lPQ,, 0.24 g/L KHPO,, adjust pHo 7.4

PBSBSA buffer Same as above, but supplemented with 1g/L bovine serum albumin (BSA).

Tris buffeit 7.8 g/L TrisHCI, 5.8 g/L NacCl, adjust pH to 7.4.

3.4.8 Antibodies and selection reagents
Antibodies were used as described by the manufacturero@yghe reagents were

dissolved in DSMO to a final coantration of 2 mM; aliquots were wrapped in foil to protect
from the light and stored a2 0 ¢ C.

1 Chicken monoclonal ant-Myc IgY (LifeTechnologies, A21281)

1 Mouse monoclonal ANFFLAG M2 (Sigma, F3165)

1 Mouse monoclonal AMHA | gG2ba (Roche, 12CA5)

1 AlexaHuor 488 donkey arinouse IgG (H+L) (LifeTechnologies, A21202)

1 AlexaFluor 488 goat anthicken IgY (H+L) (LifeTechnologies, A11039)

1 AlexaFluor 647 goat anthicken IgY (H+L) (LifeTechnologies, A21449)

1 DBCO 488 (Sigma, 760781)

1 Click-IT AlexaFluor 647 DIBD Alkyne(LifeTechnologies, €0408)

91 Click-IT AlexaFluor 647 DIBO Biotin (LifeTechnologies,-00412)
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1 Streptavidin RPhycoerythrin Conjugate (SAPE) (LifeTechnologies, S866)
1 lodoacetamide (SigmaAldrich, 11149)

1 Propidium iodide (Sigm&ldrich, 81845)

3.4.9 General yeast expression and analysis

For general protein expression, EBY100 cells containing the desired display plasmid
were used to inoculate SDCAA media, which lacks tryptophan. The cultures were grown for
20 hours at 30 °C, 250 rpm. The cultures wesed to inoculate SGCAA expression media,
which contains galactose. The media was inoculated to &F°61.0 and expressed for 20
36 hours at 20 °C, 200 rpm. Expression cultures were washed once with PBS or Tris buffer
and diluted with the same buffes the desired density before use. Successful cell surface
expression was checked using thée@ninal Myc antibody tag. Cell death was assessed by
the addition of 10 pL of propidium iodide (10 pg/mL) to 1 mL of yeast cells (Pl ex/em
488/633nm).

For all FACS analysis experiments the FACSCalibur (BD) or the LSRII (BD) flow
cytometers were used. Cells were resuspended in 1 mL oBBBSuffer and analyzed. For
cell sorting experiments the Dako Cytomation MoFlo was used. For all microscopy
experiments a ZeidsSM 710 laser scanning confocal microscope was used. Yeast cells were
washed with PBBSA and diluted to 1xI0cells/mL and 5 pL was added to a microscope

slide and immediately imaged.
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3.4.10 Labeling procedure and optimization

In general, yeast cellsontaining the desired display plasmid were expressed as
described above. 1xi@ells were washed and resuspended in either Tris or PBS buffer
(containing 5 mM MgGJ)) containing Sfp and azidoethylmaloAgbA and agitated on a
digital vortex mixer (Fisher @entific) at a speed of 750 for varying times at room
temperature. The cells were washed with buffer and incubated with the desired cyclooctyne
(varying concentrations) and agitated. Then the cells were washed and incubated with
primary ¢Myc antibody (1250 dilution) for 30 mins at room temperature. The cells were
washed again and incubated with secondary AlexaFluor 488 (1:250 dilution) antibody for 30
mins on ice and in the dark. The cells were washed a final time and resuspended in 1 mL of
buffer and aalyzed. For background labeling optimization, BSA (1 mg/mL) was added to
the PBS buffer for the DIBO labeling and the subsequent steps. Sfp and azidoethyhkmalonyl
CoA concentrations were varied from100 pM and 5500 pM, respectively. For IAM
optimization, the cells were treated with varying concentrations00 mM IAM for 15
minutes. A 2x concentrated IAM solution was prepared freshly before every use. For
cyclooctyne optimization, the cells were incubated with varying concentratiem$if0) as
well as vaying times (0120 minutes). For the alternative cyclooctyne experiments,
DBCO*®was substituted for DIBE’ and the secondary antibody used to detect for protein
expression was changed to AlexaFluor 647. For BiBOexperiments, the cyclooctyne was
used as described above. The biotin was coupled to Streptd®#tlifl:100 dilution) during

the secondary antibody incubation.
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3.4.11 Optimized yeast labeling protocol

1) Measure OB of yeast cultures, aliquot to 1x7€ells per reaction. Note: 1x16ells
is~ 1 mL of anOB% of 1.0.

2) Wash cells with Tris buffer and centrifuge (12,000 rpm for 30 seconds).

3) Resuspend cells in Tris buffer with 5 uM Sfp, 50 uM aCgA, and 5 mM Mgl for
30 min and agitate.

4) Wash cells in PBS and centrifuge.

5) Resuspend cells in PB@8th 100 mM iodoacetamide for 15 min and agitate.

6) Wash cells in PBBSA and centrifuge.

7) Resuspend in PBBSA with 4 pM DIBOP°" for 105 min and agitate.

8) Wash cells twice and centrifuge.

9) Resuspend cells in PBEBSA with c-Myc primary antibody (1:250) fa30 min.

10)Wash cells and centrifuge.

11)Resuspend cells in PBBSA with Streptavidin -PE (1:100) and secondary
AlexaFluor 647 antibody (1:250) for 30 min at 4 °C.

12)Wash cells in PB8SA and centrifuge.

13)Resuspend cells in2 mL of PBSBSA before FACS analysis.

3.4.12 Expression and labeling of alternative ACPs

ACPZEBS  ACPSY, ACPP”S, ACPIM Mod6’®®S Mode*=BSpK S, and
Mod6®®®SpK SAT were expressed and | abeled, using
ACPP™S, Mod6°®25, Mod6*=®SpK S , an@FpUMEhaT were analyzed

FACScalibur and ACPZ2S ACP1™ were analyzed with the LSRIL.
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3.4.13 Mock sort experiment

EBY100 cells containing ACRPCTCON and ACPEKEpCTCON plasmids were
expressed using the general expression protocol above. The expression time used was 36
hours. The OF° of the cells was measured and 1Xteélls were aliquoted per tube. WT
ACP6°%2% was dluted 1:100 and 1:1000 with ACBB*KO. The cells (along with controls)
were washed and labeled using the optimized protocol. Approximatdl§, réillion cells
were analyzed. The cells containing the highest expression and labeling signal were sorted
and collected into SD media. The cells were diluted into 20 mL of SD media (containing
1:100 PerSt r e p) and were grown for 72 hours at
extracted from the cells and transformed iBtccoli cells. Twenty colonies were sequenced

for each plate to determine the enrichment factor.
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CHAPTER 4. Efforts Toward Engineering Acyl-Carrier Proteins by Yeast

Surface Display

4.1  Introduction

Fluvirucin B1 synthase frorActinomadura vulgariss a type | PKS, which produces
the antifungal/ant-viral polyketide Fluvirucin B1. This synthase contains five extension
modules, which are each responsible for installing and tailoring two carbon units into the
polyketide. Interestingly, this synthase utilizes three different extender units for the
congruction of Fluvirucin B1: malonyCoA (module 2 and 4), methylmalor@oA (module
3), and ethylmalonyCoA (module 1 and 5)Jnpublished research from our lab (work by
Irina Koryakina) has revealed that the didomain fragment FIUKSAT1 (KS:AT didomain from
module 1 of the Fluv PKS) is capable of transferring a variety of extender units ont§"ACP1
(Figure 46). Additionally, it has also been demonstrated that FIuKS1AT1 was capable of
loading ethylmalonylCoA onto ACPI", ACPS™ and ACP&S. This combination ofcyk
CoA and ACP promiscuity makes FIUAT1 an attractive enzyme tool to diversify polyketides
One way to utilize FIUAT1, is througtranscomplementation Kigure 47). The excised
FIUAT1 can be usedo transacylate norcognate ACPs within other PKS modules that
house sitadirected inactivated cognate -@g's. Though this method has been successful, the
chemical diversity installed has been limited to only a few substitutions such as a hydrogen
or fluorine for a methyl groufy In generaltrans-complementation is limited by the lack of

available acyltransferases, especially ones that utilize chemical diverse extender units.

76



FluA FluB FluC
——> Eaasssss——————>  EEEE———

Loading Module 1 Module 2 Module 3 Module 4 Module 5
ER ER - @
DH ) KR KR DH | KR @ @
KS | AT ACP KS | AT | (ACP KS | AT ACPG(S/, ) (AcP) a@@ @@
: : : : : 1
2 s
HoN g rg
HoN
H,N
HO. NH, OH HoN g

( fluF ( /
NH 7 —— NH
Fluvirucin B1 Fluvirucin B1 Aglycone
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Figure 46. Malonyl-CoA specificity of FIUAT1. FIUAT1 was assayed with a panel of
malonytCoA analogs using ACPY. Conversions were determined by mass spectrometry.
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FIUAT1 was tested for the abilitio trans-complement DEBS module 6 using the
ethyl extender unit (Dr. Zhixia Ye, unpublished results). Unfortunately, this pdeani®
AT, as wel |l as the mini ma ltranscoempementMod6.FThisit AT 1 o)
could be due to poor AT:ACP inmtections, which would need to be engineered to improve
the acylationactivity. Though there has been one report of reprogramrameAT:ACP
interaction a higher throughput strategy is neg&déo effectively engineer these
protein:protein interactiorfs. Because FIUAT1 can accept both the azido and propargyl
extender units, the yeast display strategy developed in Chapter 3 can easily be applied to
screening very large libraries of Flu AT/ACP mutarfigg(re 48). Our hypothesis is that
screening for the transfer of azetbyimalonylCoA will reveal mutant ACPs with improved
acylation and specificity for FIUAT1. Selected ACP variants can then be characterized using

the DEBS module éans-compleanentation system.
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Figure 47. trans-complementation of DEBS with FIUAT1. FIUAT1 is used totrans
compl ement DEBS modul e 6. F 1 u %® dontainadwméttin ¢ o mp |
the module. An engineered AC#8° could provide a alternative route to 6DEB analogs.
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yeast cell CoA yeast cell Az-mal-CoA yeast cell SA-PE yeast cell

Figure 48. FIUAT1:ACP engineering yeast display strategyYeast displayed ACPs are
first converted to the holo form by &§F which allows for azidacylation by FIUAT1. Azide
transfer is deteted by DIBG™"/SA-PE, which is detected by flow cytometry.
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4.2  Results and Discussion
4.2.1 FluAT1 labeling of yeast displayed ACPs

To assess the activity 8fuAT1 with azidoethylmalonylCoA, thein vitro ficlicko gel
assay (from Chapter 2) was usex dcreen a variety of ACP&or all experiments the
truncated FI1 uAT1 gierminal handc dermihah linkers, twhase used (see
methods)Af t er acyl ation and the subsequent dcli
by SDSPAGE and densitometricanalysis of theCoomassie and DIBOstained gels,

respectively

ACP1Fl ACPGPEBS ACP20EBS
FIUAT1p  FluAT1g FIUATLep FIUAT1 FIUATlp  FIUATLlg
40kDa .. +t -+ - 40kDa L toC 40kDa - o
- ew .9 -y =
30kDa -
30kDa 30kDa - -
25kDa
20kDa 20kDa 20kDa
15kDa 15kDa

B 15kDa gy

-
10kDa . “‘ 10kDa - 10kDa

Figure 49. Evaluation of FI uAT1ogp ad®tuirvifti yedwiFt lu AZ
(=35 kDa)was used to acylate several ACPs with azidoethylmalGoy. The azideransfer

was detected by t he #c. The askay wag enblyzed®gomassieu s i n g
stained SDSPAGE (left) and irgel fluorescence at 633 nm (righ§CP1™ (left), ACPE°EES

(middle), and ACPZ®(right).

With the successful acylatimfsee r al ACPs by FI UuUAT1lgp and A
previously developed yeast fAclicko strategy
acyltransferase activity. After yeast protein expression the cells are first reacted with the

enzyme Sfp and coeypme-A to install the necessary phosphopantethe{Ryant)arm and
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convert the ACPs to the holo form. After successful installation of the PpanEdrny AT 1

can then be use to acylate the displayed ACP with the azido substrate (see migsiogs).

thetrtnc at ed &cylttaksierasgand Sfp as a control), labeling reactions were set up

with azidoethylmalonylCoA and the cognatm'é\CPlF'u as well asfour other norcognate

ACPs (ACP28S ACPEFES KRACPE 5 and ACPS"). Af t er fAclicko detec:
optimized method (Chapter 3), the cells were analyzed by F@&ifire 50 and Figure

A17). As demonstrated before, Sfp was able to label all of the ACPs, including"™ACP1

(albeit at a lower efficiencysur pri si ngl vy, FI uAT1p did not sh
ACP1™ (as judged by comparison to a negative coptBihce other ACPs exhibit excellent

Sfp labeling, the lower Sfp labeling may indicate a more complex issue with the display of
ACP1™. Enmuragingly all of theDEBS ACPs including the truncated KRACP6 construct

showed low level labeling {2%). Though the percent labeling of AC6°is quite low, the

overall population was shifted in the PE channel, indicating significant labé&ligagré 51).

Not surprisingly, ACPS" labeling could not be detected, which agrees with the preifious

vitro F | u A Telelipg data

81



ACP1Fu +Sfp

ACP1FY +FIuAT1p

ACP1FU Control

28.6%

n? 0
APC-A

ACP6PEBS +Sfp

0.5%

1.1%

o
APC-A

ACPG6PEBS +FIuAT1p

APC-A

ACPG6PEBS Control

107 1
APC-A

ACP2DEBS +Sfp

75.8%

7.30%

1.40%

T
10%

T
10% 107 1
APC-A

ACP2PEBS +FIuAT1g

10 1
APC-A

ACP2DEBS Control

™y
108

81.2%

5.5%

1.0%

10
APC-A

ACP5KIr +Sfp

APC-A

ACPS5KI" +FluAT1ep

APC-2

ACP5KI" Control

49.0%

APC-A

0.80%

0.70%

APC-A

rrmT
107 10
APC-A

Figure 50. F | u A Tldbgling of alternative ACPs. FACS analysis of ACP6EES

ACPZ®85 and ACPS" di spl ayed

yeast

cell s

reacted

azidoethylmalonyiCoA and labeled using the optimizeDIBOP™/SA-PE labeling
conditions The xaxis (APGA) corresponds to ACPY expressiorvia the eMyc tagand the
y-axis (PEA) corresponds to the PE labeling sigr@bntrol reactions did not contain
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Figure 51. F 1 u A Tldbegting of ACPE™®>. FACS histogram of FIl uA"
labeling of ACPBFBACP6 KO yeast cells. The-axis (PEA) corresponds to labeling
signal and the-axis corresponds to cell count.

1]

4.2.2 F | u A Tbctpenrichment experiment

To investigate whethethe rather lowF | u A Tattigity with ACP&=S was
significant, a mock sort experiment was performed. WT AEP6cells were diluted at
1:100 and 1:1000 with ACPE®**K O and reacted with FluAT1am
described conditions. After labeling, thep fluorescent population was sorted for each
mixture. The gated cells were collected and recovered. After isolation of the DNA the
enrichment values were calculated. Encouragingly, the 1:100 mixture was successfully
enriched with an EF of 1,90Figure 52 and Figure A19). Unfortunately, the 1:1000 cell
mixture was not recovered. Regardless, the 1:100 result provides evidence, for the first time,

that PKS acyltransferase activity can be assayed via gisasayed ACPs.
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1:100 Sort , 1:1000 Sort

L 0.11%
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Figure 52. ACP6°™®S/F | u A Tmbadip sort. WT ACP6°"° yeast cells were diluted with a
knockout variant, labeled using the optimized assay, and sorted by FACS. The gated cells
(R3) were collected and the plasmid DMWas recovered and sequenced. Enrichment factor
values were calculated from the sequencing resktis.the 1:10 sorl9 WT and 1KO
plasmids) were recovered (EF 2900. The xaxis (Alexa 647) corresponds to ACB5
expressiorvia the eMyc tagand the yaxis (PE) corresponds to the labeling signal.

4.2.3 Yeast display linker improvement

With evidence of succes %% uk sofightuoAripioge | ab e
the labeling efficiency using a modified linker construct. Protein expression and activity can
both be significantly affected by modifying tieya2 fusion protein linket™® The gene for
Linker 2, (G4AS)A(EAAAR) 3, was subcloned in place of the normal$§z pCTCON linker
to afford Linker2pCTCON. The A®6°=®° gene was subcloned into Linkep£ TCON and
transformed into yeast cells. The yeast cells were expressed, labeled and analyzed by FACS.
Il nterestingly, the Linker2 construct showed
(Figure 53) . Linker2 was able to i mp-foldwaththishe FI u
encouragingesult, the previously described ACB5which was not labelled b | u AT 1
on t he yeast surface, was di spl ayed. using

Unfortunately, no | abeling was observed wit
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for the Sfp reactionsHgure A18). This result suggests that linker optimization may be
necessary for optimal protein display. Additionaln optimal protein linker may not be

transferable between other proteins, even ones with similar sequence identities.

ACPB6PEBS +Sfp ACPG6PEBSLinker2 +Sfp Sfp Control
0.1%

42.8%

55.0%._

0? w0 10 0? 10 10
APC-A APC-2 APC-A

ACPGPEBS +FluAT1gp ACP6PEBSLinker2 +FIuUAT1p FIUAT 1 Control

0.7%

(AELL) e e 2 ) e
6%

10 3 10 107
APC-A APC-A APC-A

Figure 53. F | u A Tlabgling of Linker2-ACP6°"° yeast cells. FACS analysis of
ACP6°*®° and ACP8%®<Linker2dis pl ayed yeast cells reacted
azidoethylmalonyilCoA and labeled using the optimized DIB®/SA-PE labeling
conditions The xaxis (APGA) corresponds to ACPY expressiorvia the eMyc tagand the

y-axis (PEA) corresponds to th&E labeling signalControl reactions did not contain
enzyme.

4.2.4 ACP6°%®Slibrary screening

With the validation of | u AG@d qpabi | i t y PEPddismayey yeast eells,ACP 6
the focus turned to using théSD strategy todetermine whether random mutats to the
ACP6™c an i mprove the ability of FluAT1lg to a

are found, the variants can be tested in the natural the polyketide synthase.
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We randomly mutated the ACP&° gene by erreprone PCR and cloned the
resulting DNA into Linker2pCTCON using gap repair homologous recombination. This
resulted in a library of 5xfOtransformants with ~3 amino acid mutations per gene. The
library was screenedith the YSD assay using both FIUATR a npd Inte3dstingly,the
library showed a low expression rate (~20%), which is likely due to the high rate of
mutagenesis identified in the sequenced library men(beysire 55). Nevertheless, the top
population for each sort (R3) was sorted and the ae#se recovered as previously
described. Al though the Sfp s omfortutptelewas as e x
not recovered. Though disappointing, the enriched population (R3) from the Sfp sort should
provide a enrichedpool of activemutants forFIUAT 1p since Sfp shoultiavelabeked most
ACPs containing the intact Sfp recognition
cells wereex pressed a second time and | abeled &
Gratifyingly, both the ACP&2° expressia and labeling was significantly improvatter the
second round of sortingFigure 55). This result suggests significant enrichment from the
original low expressing error library. After successful sorting and recovery, the DA fr
individual cells was isolated and sequenced. After analysis of the DNA, only WTAEP6
genes were recovered from the sequencing results. Though this result is disappointing, we
were successfully able to enrich active AEPE displayed cells from a brary of
inactive/poorly active mutant3.his result also implies that multiple mutations to the ACP
are not well tolerated by the AT or ACH the future new ACP libraries with lower

mutagenesis rate will need to be screened.
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Figure 54. ACP6°B° error library sorting. FACS sorting of ACP®->° error prone library
after being | abeled with Sf{CpA. The gatedcellaR:)qp and

were collected. The-axis (Alexa 647) corresponds to ACIB® expressiorvia the eMyc
tagand the yaxis (PE) corresponds to the labeling signal.
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+Sfp +FIUAT 1
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Figure 55. Sfp ACP6°="° error library resort. FACS sorting of Sfp enriched ACP®®
error prone | ibrary after being | ab@GAed wit

The gated cells (R3) were collected. Thexis (Alexa @7) corresponds to ACPE*®
expressiorvia the eMyc tagand the yaxis (PE) corresponds to the labeling signal.

4.3 Conclusion

The previously devel oped yeast Aclicko a

acyltransferase from the Fluvirucin PKS extensimodule 1 with varying acyl carrier
proteins. ThoughF | u A Wdsamnable to acylate its cognate ACPRctivity was observed
for several DEBS ACPs, including ACP2 and ACP6. Due to the complexity oY &iie

system, it is unclear why the cognate ACP cannot be labeled. Interestingly, a new fusion
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linker (Linker2) was screened using the ACE® construct, which resulted in ~3x labeling
improvement. This result suggests linker optimization is important factor in the activity of
yeast displayed proteins. Using a mock enrichment experifadnty A €alldpsuccessily

enrich a mixture of WTACP®®® displayed cells from diluted in ACP%®S knockouts with

an excellence enrichment factor of 1,900. Furthermore, SfpFahdu A Wwérepused to
screen an ACPE®® error prone library using th€SD assay. Though only WT ACPBB*®

cells were recovered, the ability of the yeast display screen to isolate active proteins out of a
mixture of inactive mutants was further demonstrated. Collectively, we have demonstrated
the first example of an ultdaigh-throughput assay to screen fyltransferase activity. In

the future, more libraries will need created and screened to identify AERButations that

can improve acylation biyluAT1 o

4.4  Methods
4.4.1 Generalcloning

All primers were ordered from Integrated Technologies (see Appéndox list of
primers).See section 3.4.1 f&xCP5", ACPZ’*25, and ACP8%®° cloning. FIuKS1AT1 and
FIUACP1 plasmids were a kind gift from NathanhBarr (University of Massachusetts,
Amher st) . St a n ds@CRoamelified from ATUKSGATRET21b vectowith
primers ZY1/ZY?2and wascloned into pET28a vidlcd andNotl restrictionsites (preiously
cloned by Dr. Zhixia Ye)Plasmid identities wer confirmed by DNA sequencir(@Genewiz

Inc.).
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4.4.2 Yeast plasmid ¢oning
ACP5Y ACPZ®®S and ACPB8%®Sgenes were previously cloned into pCTCON (see

section3.4.2. The ACPI" gene was cloned into pCTCON as described in me@i4.2
using primers CL23/CL194. ACP6Linker2pCTCON and ACP5LinkerpCTCON were
constructed by replacing the ASE); linker with Linker 2,
P(G4S)A(EAAAR)3AGSGSGRP. Linker2 was PCR amplified from pHblue (a kind gift
from the Rao Lab, NCSU) with primers CL133/CL134 and clonégd pCTCON usingPst

and Nhe restriction sites to afford LinkerBCTCON. The ACP®"° and ACP%" genes
were subcloned from ACPRBCTCON and ACPHCTCON into Linker2pCTCON All

pPpCTCON plasmids were sequenced with primers CL71/CL72.

4.4.4 Protein expressionand purification

Proteins Sfp and\CP5‘" were expressed as previously described in seciém.
ACPZ®8S and ACP8%®° were expressed and purified using the A&PBrocedure.
FIUKS1AT1 were expressed and puwedfi as described previousfyyf F1 u AT106 s wer
expressed and purified the same way as FIUKS1AT1. Plasmids harboring"A@#te coe
transformed with a Sfp encoding plasmid pSt&ip intoE. coliBL21 (DE3) for the in vivo
production of holeACP. ACPT" was expressed and purified using the general method in

section2.4.4

4.4.5 Chemoenzymatic synthesis of azidoethylmalom@oA analogs

AzidoethylmalonylCoA was prepared as previously described in setib1t
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4.4.6 In vitro ficlicko reactions

Reactiors were setup and analyzed asvously described in section 2.4.7 and 2.4.8

4.4.7 Yeaststrains and general yeast materials and methods

See Sectiom3.4.6 and 3.4.7.

4.4.8 Selectionreagents and general yeast expression and analysis

See Section3.4.8and 3.4.9.

4.4.9 AT yeast labeling protocol

1) Measure OF° of yeast cultures, aliquot to 1x1@ells per reaction (1.0 O =
1x10).

2) Wash cells with Tris buffer and centrifuge (12,000 rpm for 30 seconds).

3) Resuspend cells in Tris buffer with 5 uM Sfp, g8 CoA, and 5 mM MgCl for 30
min/shaking.

4) Wash cells and centrifuge.

5) Resuspend cells in Tris buffer with 5 uM AT, 50 pM aGoA, and 5 mM MgClfor
60 min/shaking.

6) Wash cells and centrifuge.

7) Resuspend cells in PBS with 100 mM lodoacetamide for 15 mkirgha

8) Wash cells and centrifuge.
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9) Resuspend in PBBSA with 4 pM DIBG?°™" for 105 min/shaking.

10)Wash cells twice and centrifuge.

11)Resuspend cells in PBE containing eMyc primary antibody (1:250) for 30 min.

12)Wash cells and centrifuge.

13)Resuspend cells in BB with StreptavidinPE (1:100) and secondary AlexaFluor
647 antibody (1:250) for 30 min at 4 °C.

14)Wash cells and centrifuge.

15)Resuspend cells in PBBSA before FACS analysis.

4.4.10 Mock enrichment sorting experiments

EBY100 cells containing WT ACPE®° and ACP&P3S45A (ACP6KO) pCTCON
plasmids were expressed using the general expression protocol. The expression time used
was 36 hours. The G of the cells was measured and 1%&6lls were aliquoted per tube.
WT ACP6°5®° was diluted 1:100 and 1:1000 withCP8°*®%K0O. The cells (along with
controls) were washed and labeled using the optimized protocol from seéctidiil
Approximately, 510 million cells were analyzed. The cells containing the highest expression
and labeling signal were sorted and colldar@o SD media. The cells were diluted into 20
mL of SD media (containing 1:100R&t r ep) and wer e grown for 72
Plasmid DNA was extracted from the cells and transformed Entaoli cells. Twenty

colonies were sequenced for eachiplto determine the enrichment factor.
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4.4.11 Error prone library construction

ACP6°58S error prone libraries of were constructed using Taq error prone'PCR.
The mutagenesis rate was optimized by varying the concentration oL NRyhers CL226
and CL227 were designed to bind the pCTCON plasmid outsidheoNhd/BanHI
restriction sites. This provides a set of primers for mutagenesis of any gene of interest.
General setup and cycling parameters are presentddainle 5). PCR products were

precipitated and the DN#vas concentrated with Pellet PaigMD Millipore).

Table 5. Error prone PCR setup and cycling parameters

General Setu Cycling
DNA (1 ng/uL) 4uL 1 94 °C 1 min
Taqg 10x Buffer 10 L 2 94 °C 30 sec
DNTPs (10 mM) 4 uL 3 68 °C 1 min
Fwd Primer (10 uM) 2 UL 4 72 °C 2 min
Rev Primer (10 pM) 2 pL 5 Repeat steps-2 for 29 cycles
MgCl; (5.5 mM) 15 pL 6 72 °C | 3 min
MnCl; (1.5 mM) 6 pL
DMSO 2 uL
Water 55 pL
Taq 1pL
Total 100 pL

4.4.12 Yeastelectroporation transformation protocol
This protocol was adapted from Benatuil etal.
1) Using a freshly streaked plate of EBY100, inoculate a 10 mL of YPD. Grow

overnight to stationary phase on a platform shaker at 250 rpm &l 30
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2) Using the overnight culture, inoculate a 100 mL YPD culture to afft@b0.3.

3) Continue to grow the inoculated cells on a platform shaker at 30°C and 225 rpm until
ODG600 is approximaly 1.6, usually after 5 hours.

4) Collect yeast cells by centrifugation at 4000 rpm for 5 minutes and remove the media.

5) Wash the cell pellet twice by 50 mL toeld water and once by 50 mL of iceld
electroporation buffer (1 M Sorbitol / 1 mM Call

6) Condtion the yeast cells by fsuspending the cell pellet in 20 mL 0.1 M LiAc/10
mM DTT and shaking at 250 rpm in a 50 mL conical tube for 30 minutes at 30 °C.

7) Collect the conditioned cells by centrifugation, wash once by 50 micalke
electroporation bufferand resuspended the cell pellet in electroporation buffer to
reach a final volume of 1 mL.

8) This corresponds to approximately 1.6 x°Idells/mL and is sufficient for 2
el ectroporation reactions of 400 e | ea
electroporation.

DNA preparation and electroporation and plating

1) Prepared in advance, pCTCON was digested WhH and BanH]I restriction sites.
Primers with~50 base homology were used to PCR amplify the insert DNA. All
DNA was precipitated and concentrated with Pellet Paint.

2) Combine 4 €g of digested vector badkbone
electroporation reaction. The DNA mixturewater should be less than 0L

3) Gently mix 400¢ Lelectrocompetent cells and DNA and transfer to acpiked 0.2

cm cuvette. Incubate on ice for 5 minutes until electroporation.
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4)

5)

6)

7)

8)

Electroporaté¢ he cel |l s at 2.5 kV and 25 ¢F.
Immediately, transfer elecporated cells from each cuvette into 8 mL of 1:1 mix of
1 M sorbitol:YPD media. Incubate on a platform shaker at 225 rpm and 30°C for 1
hour.

Collect cells by centrifugation and resuspend in SDCAA media. Use 100 mL of
SDCAA media (with 1:100 penstrep) fevery 400 Lelectroporated cells. Note: To
prevent bacterial contamination, SDCAA pH 4.5 mexdia be used. Additionally, 50
pg/mL gentamicin can be used.

Prepare 1dold serially diluted cells from the cell suspension and plate diluted cells
onto selective SDCAA lptes and incubate at 3TC incubator. Library size is
determined from the colony counts after three days.

Grow remaining cells in a flask 48 hours on a shaker at 250 rpm and 30 °C.
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CHAPTER 5. Development of a Dual YeasSurface Display System for

Engineering Acyltransferases

5.1 Introduction

To expand the versatility of the yeast display strategy proposed in Chapter 3 and
further explored in Chapter 4, a dual display system is needed to dispthythe
acyltransferase (AT) and aegarrier protein (ACP)n the samecell surface.This dual
display system will provide a route to screen large libraries of acyltransfefidsesAT
domain will be displayed as a fusion to Aga2 and the ACP domain will be fused to Agal
(Figure 56). The AT-catalyzed transfer of the azidilickd handle from the acyCoA will
allow for detection via ligation to a suitable alkynyl fluorophdfeg(re 57). Our hypothesis
is that screening for the transfer of azidomale@glA analogswill reveal mutant ATs with
altered substrate specificity and improved promiscuity. Selected AT variants can then be

characterized using other malof§bA extender units to identify promiscuous variants.

(s IO

S S sH
AT Display ColE! ori s‘ é
Plasmid i

Agal

Terminator / A / yeast cell

. Terminator \

: \ AT <X ( \

A=< ACP Aga2 Flag \ /
Myc GALI10 y
Y Al GaL) %

Figure 56. trans-AT YSD plasmid. Thetrans-AT (red) is displayed as a fusion to Aga2 and
the ACP (green) is displayed as a fusion to Agal. The wavy bond represents the activated
Ppant group of the ACP.
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Figure 57. trans-AT YSD strategy for high-throughput screening.Yeast display evolution
scheme fotransATs. The AT domains catalyzes the transfer of azidomal@mA analogs
to the ACP. An alkynyl fluorophore is used to detect the group transfer viéclic&o
reaction. Labeled cells can then be anadyby FACS.

5.2  Results and Discussion
5.2.1 Investigation of acyltransferase yeast surface display

To test the ability of acyltransferases to be displayed on the yeast cell surface, several
enzymes (KirCILF | u A, Tadddsfp) were cloned into pCTCON, transformed and expressed
on the yeast cell surfacBoth KirCll and Sfp were successfully expressedt F|1 u AT 1
showed no expressiqfigure 58). SinceF | u A $hbvged no expression dmetcell surface,
the KirCII/ACPS"" pair (chapter 2) was selected to construct and test the dual display
system. Using th&«SDAcl i cko strategy (Chapter 3), w e

trans-acylate ACPS" displayed cells with azidoethylmalorgoA.
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Figure 58. Acyltransferase expression controlsFACS scatter plots of KirCll, Sfp, and
FIUAT 1lpyeastdisplayedcells. The yaxis (647 nm) corresponds to enzyme expresgian
the eMyc tag The xaxis is not relevant.

5.2.2 KirCll labeling of yeast displayed ACP5"

First we testedthe ability of purified KirCll to acylate yeast displayed ACP5
(Figure 59A). Using ACP5pCTCON as a template, sitkrected mutagenesis was used to
make the serine knockout ACP5S63A (ACP5K0). ACPS" and ACP5"KO were
expressed on the yeast cell surface and first reacted with the eBiyraed coenzymé to
install the necessary phosphopantetheine arm. This reaction afforded thaCRSY,
which is the natural substrate for KirCll. After the conversion, KirCll was used to transfer
the azide to the cell surface. After labeling thelscelsing the optimized method from
Chapter 3, the cells were analyzed by FACS (see methods for complete AT labeling

protocol). As previously observed, the Sfp control reactions showed successful labeling

97



(Figure 59B). Unfortunatey, only a small amount of acylatiq®/B of 6.5)was detected for

the KirCll reaction(see equatiof section 3.2.4or S/B calculation)

A)
o _ o _

3 @37 @ @3

S e T e S S &

s s s s S s N s s o \‘ll'
R SFP KirClI DIBOBiotn A N O

yeast cell CoA yeast cell Az-mal-CoA yeast cell SA-PE yeast cell

ACP5KIr +Sfp ACP5KI'KO +Sfp
B) E %

42.27%

0¥

FL2H
L

ACP5KI" +KirClI

Figure 59. KirCll labeling of ACP5 KI" displayed yeast.A) Reaction scheme for KirCl
mediated labeling. ACP% is converted to the holo form by SFP, which allows for azido
acylation by KirClIl. Azide transfer is detected by DIB®/SA-PE. B) FACS scatter plots
of the yeast labeling reactisrwith KirCll and Sfp The xaxis (Alexa 647)corresponds to
ACP5" expressionvia the eMyc tagand the yaxis (FL2H) corresponds to theE labeling
signal.

To investigate whether this small amount of KirCll labeling was significant, a mock

sort experiment was performed. WT ACP=ells were dilued at 1:10 and 1:100 with

ACP5"KO and labeled sequentially using the Sfp and KirCllI labeling conditions. The top
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fluorescent population was sorted for each mixture. The gated cells were collected and
recovered. After isolation of the DNA the enrichmealues were calculated. As described in
Chapter 3, ACPY was successfully enriched after Sfp labelfRiyure 60). Unfortunately,

the KirCll labeling experiments resulted in no labeling or enrichmé&mute AZ20).
Alteration of enzyme concentration and reaction time did not improve KirCll labeling (data

not shown). Further investigation is needed to understand the lack of KirCll labeling.

ACP5KI" Sort 1:10 . ACPS5KIr Sort 1:100

0.084%

EF =15 EF =50

Figure 60. ACP5“" mock sorting experiments.WT ACP5" yeast cells were diluted with a
knockout variantreacted with Sfp and azidoethylmaloi@bA, labeled using the optimized
assay, and sorted by FACS. The gated cells (R3) were collected and the plasmid DNA was
recovered and sequenced. Ehment factor values were calculated from the sequencing
results. For the 1:10 sort 12 WT and 8 KO plasmids were recovered (EF = 15). For the 1:100
sort 6 WT and 12 KO plasmids were recovered (EF = 50). Fa&isx (Alexa 647)
corresponds to ACP5 expressin via the eMyc tagand the yaxis (PE) corresponds to the
labeling signal.

5.2.3 Investigation of KirCll labeling of ACP5 X"

Because the surface landscape of the yeast cell is unknown, the lack of"ACP5
|l abeling may be due erly ackessrti@ Idisplaged ¢amiex protdin, t vy
possibly because of steric interactions. To evaluate if the fusion of Aga2 to"A@P5

disrupting labeling, the AgaBCP5" fusion gene was cloned into pET28a, transformed into
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E. colicells, and the protein @aexpressed. Unfortunately, the fusion protein was unable to
be expressed irE. coli. Alternatively, Aga2ACP5"" fusion protein can be easily cleaved
from the yeast cell surface by reducing the disulfide linkage to Aiglire 61A). ACP5"
expressed cells were expressed and treated with dithiothreitol (DTT). The removal of the
displayed protein was confirmed by FACBdure 61B). The subsequent supernatant was
collected, concentrated and usedSfp labeling reactions with azidomalom@oA. The
reactions were analyzed by SIPAGE anddensitometric analysis of theo@massie and
DIBO-stained gels, respectivelfigure 61C). Interestingly, an intense band was detected at
~100kDa, which is not the predicte®5 kDamolecular weight of the AgaRCP5" fusion
protein (on the basis of the known protein sequence). If thiskD@0protein band is the
ACP5" fusion, this result may suggest the formation of a complicated oligomerico$tate
the cleaved proteirRegardless, accessibility of the carrier protein is an important issue to

further investigate.
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Figure 61 Cleaved ACP%" labeling reactions. A) Yeast ACP5"" cleavage reaction
schemeB) FACS scatter plots of the DTT treated ACPgells. The xaxis (Alexa 488)
corresponds to ACP% expressiorvia the eMyc tag The addition of DTT removes the
displayed protein from the cell surfac®). Yeast cleavedCP5" protein was incubated with
purified KirCll and azidoethylmalonfCo A and anal yzed by t he
Coomassie stained SEFSAGE (left) and in gel fluorescence at 633 nm (rigRrified Sfp

control reactiorshowed positive labeling of ACP5~20 kDa. No band was observed foe
ACP5“"-Aga2 cleaved fusion protein (~ 29 kDa).

5.2.4 Alternative ACP5X" display constructs
To investigate this accessibility issue, several alternative AC&8play constructs

were created (see methods for cloning detdfigure 62). The first four alternative
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constructs aimed to replace or improve theS)linker contained within the pCTCON
plasmid. First, the linker was replaced with a longer linker, (8d&EAAAR)3, to
potentially allow for better ACP access. Sianly, the linker was also replaced with a second
copy of ACP%", which aimed to serve as a linker and also to amplify the signal by providing
double the amount of ACP5 Next, the natural ACP% linker, as well as the fulength
Kirromycin Module 5 gae was added. These two constructs had the potential to provide a
more native environment for KirCllLastly two additional constructs were made.
ACP5“"Rev was created by reversing the display construct to createtarmihal Aga2
fusion. ACP5pATCON wasconstructed by replacing the Aga2 gene with the native Agal
gene, creating an AgaACP5“" fusion. Each of the new display constructs were cloned into
pCTCON, transformed into yeast cells, expressed, and tested for labeling with Sfp and
KirCll. Interestirgly, all of the alternative ACP% constructs (except Mod5) showed Sfp
labeling, albeit at reduced efficiencies when compared tovildetype (Figure 63, Figure

A21, Figure A22). Unfortunately, no KirCll labeling was detected with any of the alternative
display constructs. This result may allude to a larger problem with the "XG#&play
system includingunwanted yeast mediated paéstnslational modifications such as

glycosyhtion
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Figure 62. Alternative ACP5X" display constructs. Several different ACPY constructs
were created to try and improve the KirCIl:ACPSnteraction.

ACP5Linker2-pCTCON Gal1 ‘ Agaz‘ Linker2
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Figure 63. Labeling of alternative ACP5" display constructs. FACS analysis of yeast
displayed ACP5*" alternative constructgfter beingr e act e d with Sfp
azidoethylmalonylCoA and labeled using the optimized DIB®Y/SA-PE labeling
conditions The xaxis (APGA) corresponds tproteinexpressiorvia the eMyc tagand the
y-axis (PEA) corresponds to the PE labeling sign@lontrol reactions did not contain
enzyme.
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To test whether this accessibility issue affects other ACPs, another
acyltransferase/ACP pair was tested. DSZStrauss-AT from disazorole synthase, which is
a malonylCoA specific enzymé’DSZS unfortunately “dhuehas 6t
been shown to acylate ACPE°® Since DSZS cannot transfenet azidoethylmalonyl
CoA, an alternative, albeit lothroughput strategy was developed usintjG radiolabeled
malonytCoA (Figure 64A). The malonic acid [2°C] was enzymatically converted to-[2
14C] malonytCoA using WT MatB. Tie radiolabeled malomToA wasthen transferred to
ACP6°BS displayed yeast cells with either Sfp or DSZS. After the reaction the fusion protein
was cleaved from the cell surfa¢Eigure A23), concentrated in a 3 kDa spin filtand
analyzed by liquid scintillation countindrigure 64B). As expected, Sfp robustly labeled the
yeast displayed ACP6®°. DSZS did show some labeling, but about 5x lower than Sfp.
Though the signal was lower, this result doesvjate evidence of Admediated acylation of

a yeast displayed ACPs.
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Figure 64. 1*C labeling of ACP6°5E5, A) Reaction scheme fdfC malonytCoA transfer to
ACP6°FBS displayed cells. B}*C labeling results for the elsed ACP8%2° fusion protein.
The assay was performed twice and experimental errors are shown as the standard deviation.

5.2.5 Investigation of yeast displayed acyltransferase activity
The other piece of the dual display strategy that needed to be delelagethe
surface display of the acyltransferse. Since KirCll was efficiently displayed on the yeast cell
surface, we sought ttest the enzymatic activitpf KirCll expressed cells. €ls were
expressed and incubated with purified A€P&Nd azidoethylmanyl-CoA. The reactions
were screened usi ng atndamalyzedebp BOFPAGE (Figure 65t k 0 a s s
Though the purified KirCll control was successfully able to label AP5no positive
labeling was detected from the gealisplayd KirCll (when compared to the unexpressed
negative control) Because of the low amount of enzyme displayed on the yeast cells, the

detection limit is severely reduced and may be to blame for the absence of detectable activity.
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Alternatively, the Aga2KirCll fusion protein can be easily cleaved from the yeast cell and
tested(Figure 66A) KirCll and Sfp expressed cells were treated with DTT to remove the
protein. The subsequent supernatant was d¢elleconcentrated angse inreactions with
purified ACP%" and azidoethylmalonyCoA. The reactions were screened using the general
Aicl i ckandanatyzed lyy SDFPAGE (Figure 66B). Though thepurified KirCll was
able to acylate ACP%, no labelng was detecteth the cleavedKirCll reactions.KirClI
yeastdisplayed enzyme activity will need to be furtimerestigated.
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Figure 65. KirCll yeast labeling reactions. A) Yeast labeling scheme. B) Yeast displayed
KirCll cells were incubated with purified ACP5and azidoethylmalonyCoA and analyzed
by the cl Cookassiegtmihed SEEGE Yleft) and in gel fluorescence at 633
nm (right). The purified KirCll control reactionshowed positive labeling of ACPF5~20
kDa. Tthe yeastisplayed KirCll reactiorshowed some labeling, but the negative control
(unexpressed cells) did as well.
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Figure 66. Cleaved Sfp and KirCll labeling reactions. A) YeastAT cleavage reaction
scheme. B) Yest cleaved KirCll and Sfp protein was incubated with purified AERSd
azidoethylmalonlCo A and anal yzed b yCodmassie diamédi SBR 0
PAGE (left) and in gel fluorescence at 633 nm (rigRtyrified controls (Sfp and KirCll)
showed pesitive labeling of ACPS" ~20 kDa, but yeast reactions (Sfp pCTCON and KirCll
pCTCON) did not show labeling.

5.2.6 KirCII/ACP5 dual d isplay
Although the displayed KirCIl was unable to acylate purified A&P5ve still

wanted to construct thdual displaysystem. The Agal gene froB\ cerevisiaewas PCR

amplified from genomic DNA and cloned into the DV2 plasmid. This afforded the ability to

express both proteins from one plasmid. Next, KirCll and A€R&re cloned downstream

of the Aga2 and Agal sitesapectively. Upon transformation and expression of the yeast

gel

cells, dual display expression was measured using the two antibody tags. Though both

proteins were successfully expressed using pCTCON, only KirCll showed expression in the

dual display plasmid Higure 67). It is important to note that EBY100 cells contain

endogenous Agal, which could affect the display of the Ag@R5"" fusion, though clearly

108



ACP5"" was successfully expressesingACP5-pATCON. To test whether the natl Agal

was the problem, the dual display plasmid was transformed into an Agal knockout yeast
strain. Unfortunately, after expression and antibody labeling, neither protein was detected
(Figure 67). Collectively, the dual displasystem appears possible, but needs further

adjustment to be fully operational.

KirClI/ACP5-Dv2 KirCII/ACP5-Dv2
EBY100 cells MATa cells
3.1 0.05% %, 1 0.18%
0%
108 100

Figure 67. Dual display expression controls.FACS scatter plots of KirCI/ACR®V2
yeast expressed cells. Thexis (Alexa 48&m) correspondso KirCll expressiorvia the e
Myc tagand the yaxis (Alexa 647) corresponds to ACP5 expressiarthe Flag tag

5.3  Conclusion

ACP5Y" and several acyltransferases were successfully displayede yeast cell
surface. Using th&SD strategy developed in @pter 3, ACPS" was successfully sorted
using a mock screen. The cognate acyltransf
label ACP%". Because no KirCll mediated acylation was detected with the WT RCP5
alternative display constructs were kexded. Several of the constructs were successfully
expressed, but the KirCll labeling was not improved. Additionally, a dual display plasmid
was created and tested for the ability to display two proteins on one cell (via Aga2 and Agal

fusions). Unfortunaly, both proteins were not able to be displayed at once, which will need
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to be further investigated. Protein cleavage experiments were developed to test the activity of
the displayed proteins unbound to the cell (as a fusion to Aga2). No activity weteddte

either ACP5" or KirCll cleaved protein. Interestingly, ACP®° was successfully labeled

and cleaved from the cell using ttransAT DSZS via a'’C radio labeling strategy. This
result may suggest that the KirCII/AC’ﬁ’Spair may not be ideabf YSD system, but other

pairs will need to be investigated.

5.4  Methods
5.4.1 Generalcloning

All primers were ordered from Integrated Technologies (see Appéndox list of
primers).The genes for KirClI, ACP%, DSZS and SFP, were previously clonietb E. coli
expression plasmid8.Aga2ACP5" fusion gene was subcloned from AGPSTCON into
pET28a using pmers CL59/CL49 wittNdd andBanH]I restriction sites. Plasmids identities

were confirmed by DNA sequenciii@enewiz Inc.)

5.4.2 Yeastplasmid cloning
All acyltransferase genes and Sfp were cloned into pCTCON d¥idgand BanHl
restrictions using primerCL36/CL37 (KirClIl), CL19/CL20 (DSZS), CL21/CL22 (MCAT),
and CL27/CL28 (Sfp)andF | u A TCL8§/87) ACP5Linker2pCTCON was constructed as
described in sectior8.4.2 Mod5" and Mod¥'®KS genes were PCR amy
Streptomyces collinugenomic DNA ing primers 108/110 and 109/110 amdre cloned

into pCTCON usingNhd and BanHI restriction sites to afford Mod%-pCTCON and
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ModSK"qJK PCTCON. ACP5S2XpCTCON was constructed by PCR amplifying the
ACP5Y" gene from ACP5HCTCON with primers CL50/CL51, vith was cloned in place of
the (GS) linker usingPst and Nhd restriction sites. ACP5RepCTCON was constructed
by first PCR amplifying the Aga2 gene with primer CL130/CL132, which was cloned into
pCTCON using\Nhe andBanH| restriction sites to afforRevpCTCON. ACP5" was then
PCR amplified with primers CL124/CL125 and cloned into R&TCON usingecaRI and
Pst restriction sites to afford ACP5R@CTCON. ACP5pATCON was constructed by first
PCR amplifying the Agalp gene from EBY100 genomic DNA ugngiers CL64/CLG65.
The fragment was cloned in place of Aga2 uditwyRI| and Nhd restriction sites, which
afforded the plasmid pATCON. The ACP5gene was subcloned from ACRETCON into
PATCON using tle Nhd/BanHlI restriction sites. Successful yeastfaoe expression was
confirmed by FACSKigure A24)

For the construction of the dual display plasmid, the Agal gene was subcloned from
pPATCON into Dv2 using th&coRI/Nhd restriction sites to afford DvAgal. KirCll was
PCR amplifed using primers CL106/CL107 and cloned into BA@al (asan AgaZ2 fusion)
using Mlul/Nca restriction sites to afford KirCIDv2-Agal. Next, ACPS" was PCR
amplified with primers CL42/CL43 and cloned into the plasmidaf@#gal fusion) using
Spd/BanHl restriction sites to afford KirCIACP5-Dv2-Agal.All pPCTCON plasmids were
sequenced with primers CL71/CL7Zhe Agal gene was sequenced with primers

CL77/CL79.The Dv2 plasmid was sequenced with primers CL83
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pATCON f1 (+) origin ColE1 ori

DV2-Agal

ColE1 ori

Terminator <7\
~Terminator [/
Terminator,—( N\

JA AQN Genel X
GAL Genel Gene2 A%“]:lag
ene Myc
Agal Myc Agal gapy GAMO

HA

Figure 68. Plagnid design of pATCON and DV2Agal.

5.4.3 Site-directed mutagenesis of ACP%'
Site-directed mutagenesis was performed as described in s@cfi@Using ACP5
pCTCON as a template, primers CL148/CL149 were used to make the“A@mRfine

knockout mutanACP5" S63A.

5.4.5 Protein expressionand purification

Proteins Sfp, KirCll, DSZS, and apo/hedCP5" were expressednd purifiedas
previously described in sectiah4.4 DSZS was expressed and purified as described in
Koryakina et af' Aga2ACP5" fusion was expressed using theld-type ACP5"

procedure.
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5.4.6 Chemoenzymatic synthesis of azidoethylmaloryToA analogs
AzidoethylmalonyiCoA was prepared as previously described in se@idré For

the preparation ofC labeled malonyCoA, malonic acid [2“C] (Moravek Biochemicals

Inc.) was converted to the ae@bA by wild-type MatB using the previously escribed

method in sectio2.4.6

5.4.7 Yeaststrains and general yeast materials and methods
See sctiors 3.4.6 and 3.4.%or all general methods and yeast strains. The Agal
knockout yeast strain, MATa, was a kind gift from the Erdman Lab (Departm&mblofyy,

Syracuse University)*®

5.4.8 Selection reagents and general yeast expression and analysis

See sctiors 3.4.8 and 3.4.9.

5.4.9 AT yeast labeling protocol
1) Measure OF° of yeast cultures, aliquot to 1x1@ells per reaction (1.0 OB =
1x10).
2) Wash cells with Tris buffer and centrifuge (12,000 rpm for 30 seconds).
3) Resuspend cells in Tris buffer with 5 pM Sfp, 50 uM CoA, and 5 mM Mdl 30
mins/shaking.

4) Wash cells and centrifuge.
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5) Resuspend cells in Tris buffer with 5 uM AT, 50 ply&CoA, and 5 mM MgGl for
60 mins/shaking.

6) Wash cells and centrifuge.

7) Resuspend cells in PBS with 100 mM lodoacetamide for 15 mins/shaking.

8) Wash cells and centrifuge.

9) Resuspend in PBBSA with 4 pM DIBOP°" for 105 mins/shaking.

10)Wash cells twice and o#ifuge.

11)Resuspend cells in PBE containing eMyc primary antibody (1:250) for 30 mins.

12)Wash cells and centrifuge.

13)Resuspend cells in PBS with StreptavidinPE (1:100) and secondary AlexaFluor
647 antibody (1:250) for 30 mins at 4 °C.

14)Wash cells and cerifuge.

15)Resuspend cells in PBEBSA before FACS analysis.

5.4.10 Mock sort experiment

EBY100 cells containing WT ACP5 and ACP5" S63A (ACP%"KO)-pCTCON
plasmids were expressed using the general expression protocol above. The expression time
used was86 hours. The OF° of the cells was measured and 1%&6lls were aliquoted per
tube. WT ACP5" was diluted 1:10 and 1:100 with ACPKO. The cells (along with
controls) were washed and labeled using the optimized protocol. Approximatg@, 5
million cells were analyzed. The cells containing the highest expression and labeling signal

were sorted and collected into SD media. The cells were diluted into 20 mL of SD media
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(containing 1:100 PeBt r e p) and were grown for 72 hours

was extracted from the cells and transformed iGtocoli cells. Twenty colonies were

sequenced for each plate to determine the enrichment factor.

5.4.11 ACP5"" cleavage experiments

ACP5‘" yeast cells were expressed using the general protocol. 4 X_1€ulres
were centrifuged, washed, and resuspended in 1GOnmM TrisHCI pH 7.4 containing
100 mM NaCl and 10% glycer@fNG)wi t h 10 mM DTT for 4 hours
centrifuged and supernatant was concentrated to 250 pL in TNG buffer. Assuming a display
efficiency of 50,000 proteins per cell, the theoretical concentration shoulebheVL The
reactions contained 5L of yeast supernatant (or 5 uM ACPF3, 5 pM Sfp,and 100pM
azidoethylmalonylCoA, in Tris buffer containing 5 mM Mg&lThe reactions were run for 2
hours and then 0.5 uL 2 mM DIB® was added for 1 hour. 20 pL of the reaction was added

to 5 uL of 5xdye, boiled, and analyzed by SIPAGE.

5.4.12 *“C labeling of ACP6°=2° displayed yeast cells

Yeast cells containing ACPBCTCON were expressed using the general protocol.
The cells were labeled with {2C]malonytCoA using the previously described mool in
section5.4.9(steps 15), with a few minor adjustments. For step 1, xills were used and
for step 5, the reaction time was extended to 6 hours. The cells were washed to remove any
excess‘C malonate/malonyCoA and resuspended in 500 pL @f0lmM DTT for one hour.

The cells were centrifuged and the supernatant was added to 3 mL of LSC ScintiSafe Econol
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(Fisher Scientific) and analyzed with a-Tarb Model 2900 TR liquid scintillation counter

(Packard Instrument Company).

5.4.13 KirCll/Sfp c leavage experiments

KirCll and Sfp yeast cells were expressed using the general protocol. 4 x 10 mL
cultures were centrifuged, washed, and resuspended in 10 mL TNG with 10 mM DTT for 4
hours at 4 eC. The cell s wer e teddon2b60 pLfinu ge d
TNG buffer. The reactions contained 25 pL of yeast supernatant (or 1 uM KirClIl/Sfp), 5 uM
ACP5“" (apo form for Sfp and holo form for KirCll), 100 uM azidoethylmalo@gA, in
Tris buffer containing 5 mM MgGl The reactions were run forl®urs and then 0.5 pL 2
mM DIBO® was added for 1 hour. 20 pL of the reaction was added to 5 uL of 5x dye,

boiled, and analyzed by SEFFAGE.

5.4.14 KirCll yeast labeling reactions

KirCll yeast cells were expressed using the general protocol. 2’ xel® were
washed and centrifuged. The yeast cells were resuspended in 100 uL of reaction Tris reaction
buffer containing 20 uM ACP%, 100 pM azidoethylmalonyCoA, and 5 mM MgGl
Control reactions contained 100 nM KirCll instead of yeast cells. The saactiere run for
6 hours and then 0.5 pL 2 mM DIBS was added for 1 hour. 20 uL of the reaction was

added to 5 pL of 5x dye, boiled, and analyzed by $12&E.
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Chapter 6. Future Work

6.1  Acyltransferase engineering

Acyltransferase mediated polyketidvefsification strategies have immense promise
for the discovery of new natural products. Unfortunately, only a handful of AT engineering
examples are known in the literature, which is primarily due to the lack of screens and
selections for these enzyméshe ficl i cko strategy proposed i
avenue for engineering these complex enzymes. This strategy appears to be immediately
applicable to ethylmalonyCoA utilizing ATs (e.g. KirCll andF | u A)T Wwheph are more
l'i kel y t o atueckopalized abyEoAfamalogs.cSkreening ATs with alternative
extender units is paramount for understanding the rules forGa#lselectively. Combined
with alanine scanning mutagenesis and-sdtration mutagenesis, this strategy could help
to better understand AT selectivity. With this knowledge in hand, systematic reprogramming
of acyltransferases including the more common mai@oA and methylmalonyCoA ATs
will be possible.

Though mappinghte AT specificity determinants is possible, actual reprogramming
may require higher throughput screens to navigate the mutational land8capgh we have
proposed an ultraigh-throughputY SD screen, anediumthroughput assay could be useful
in exploringsmall double or triple saturation librarids/e have proposed a simple strategy
for screeing larger libraries of acyltransferas@-igure 69A). AT libraries can be expressed
in 96 well plates and the crude extracts can be irtedbaith azidoethylmalonyCoA and a

puri fied 6 X Hi s tagged ACP. After t he subs:
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immobilized by Ni resin and the excess fluorophore can be washed away. Fluorescent wells

will identify active acyltransferases. Totestta st r at egy, Sfp and FIl u
evaluate the screen. Our initial results suggest that this strategy was effective in identifying
wild-type Sfp andF | u A Tedprpessed cells over unexpressed cdligure 69B). This

stratey will be further validated, which can then be used to screen larger AT libraries.

A) MUtaIrr;t? Tclc;}lbrary Protein Expression Crude Extracts Adgﬁfgé: nd
B333333 . (333333 . [333se3

- QQ9Q9Q QOOQQQ
Q00009 , P00

Click Reaction His Tag Imobilizaition

Read
—_— —_— Fluorescence

B)

= SFP

m FIUAT

Fluorescence

+IPTG -IPTG

Figure 69. High-t hr oughput AT mi cr ot iAjMarotiter platetbasedi c | i ¢ k
Afclicko screen. AE cdliysed and reacted véth szidoetlylnaleng s e d
CoA and a 6x His tagged ACP. After Aclicko
resin and washed. Fluorescent wells represent active acyltransferases. B) Fluorescence data
for Sfp andF | u A Talieling of ACP25RS, +IPTG refers to induced cells antPTG refers

to noninduced cells.
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6.2  KirCll engineering and the production of kirromycin analogs

With the promising results from Chapter 2, we will further characterize the T179X
mutationswhich will include assays with larger substrate panels. Using the reported coupled
assay, a full kinetic profile wildl al so be
to further investigate other residues in KirCll, as well as other angfEeases such as
DSZS. Preliminary results suggest that the corresponding T179V mutation in DSZS does not
allow for azidoethylmalonyCoA activity. This is not surprising since DSZS is a malenyl
CoA specific AT and has a much smaller active site.

After characterization we want to investigate thevivo impact of the KirCll mutants
on kirromycin production. Using a mutar@. collinus strain containing a genetically
incorporated MatB variant, we can provide a variety of malonic acids, which will be
convertel to the acylCoA substrates for KirCl(Figure 70A). Upon incorporation into
kirromycin, the modified antibiotics can be evaluated for activity against a variety of targets.
Using the wild-type KirCll, we have preliminary shownheé ability to make several

kirromycin analogs, including allskirromycin (Figure 70B).
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Figure 70. In vivo production of kirromycin analogs. A) Using a mutan§. collinus strain
with a genomically incorporated MatB variant, nematural malonyiCoAs ca be
synthesized in vivo. Wildtype KirClIl or variants, such as T179V, can be used to install the
alternative extender units into kirromyciB) LC-MS data for the production of allyl

kirromycin.
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6.3  Acyltransferase and ACPengineering byyeast surface display

Having established aySD pl at f orm f or t he screening
functionalized extender units, we want to further demonstrate the power of this strategy.
Clearly, from our results in Chap$e35, linker engineering and optimization is a necessary
first step in further developing the display strategy. A variety of linkers will be substituted for
the traditional (GS) linker. Using the optimized screen, the linkers can be varied by
mutagends and engineered for each protein of interest. In regards to ACP engineering,
libraries can be screened by a variety of ATs including KirCll Brid u A TACpmutants
with improved activity can be further tested within the cognate module for succeastl
complementation (see Chapter 4). In regards to AT engineering, the dual display system must
be further developed. Once complete, AT libraries can be screened for improved activity
with the cognate ACP as well as other ACPs. This strategy may requitiplentdunds of
mutagenesis of the AT and ACR successfully engineer the proper interaction.
Alternatively, PKS module display would solve the dual display issue and provide a more
direct route to PKS engineering. Additionally, this strategy can beeiugpplied to other
natural product synthases such as -ribosomal peptide synthases. A variant of the
gramicidin synthase module 1 has been shown to aéckgio functionalized amino acids

and apears to be a suitable targét
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6.4  Engineering nonPKS enzymes: Tubulin Tyrosine Ligase

Ultimate | vy , the Acl i cko YSDtplatotmengry develspedifer la | as
variety of enzymes, in particular fAgroup tra
tyrosine ligase (TTL), which catalyzes the reversiblke € r mi n a | t y-tulsni nati o
(Figure 71). This posttranslational modification is important for microtubule formation and

it is required for cell development.

Tubulin Tyrosine Ligase
(TTL)

Tyrosine, ATP

Figure 71. TTL -catalyzed tyrosination.

TTL possesses a positively dense strip of amino acids that inteséttisthe
glutamate rich 14 amino acid tag of tubuliffL has been shown to tyrosinate the free 14
mer peptide tag in solution, along with truncated versions (at lower efficiencies). This
enzyme has also been shown to accept tyrosine analogs modifred3rposition, including
3-formyltyrosine and dazidotyrosine(Table 6). Direct enzymecatalyzed installation of
these analogs would be ideal for site specific protein labeling. Using both of these substrates,

TTL mutants can be screened usingYlsd strategy Figure 72).
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Table 6. Substrates for TTL.

R Name (L-isomers)  Structure
H Tyrosine
OH Dihydoxyphenylalanine OH
N3 3-Azidotyrosine R
NH, 3-Aminotyrosine
F 3-Fluorotyrosine O
CHO 3-Formyltyrosine OH
I 3-lododtyrosine NH
NO, 3-Nitrotyrosine ?

3 o
S S Acceptor

H,0
T
| T3 *
| Peptide
d s s (GFP

Agat 0 NH,

Click
Reaction

alkyne-
fluorophore

Display
plasmid
N3

Figure 72. TTL YSD directed evolution schemeTTL catalyzes the peptide formation of 3
azidotyrosine to theC-terminus of the l4ner acceptor tag. The cells are orthogonally
labeled with the alkyne fluorophore. The fluorescent label will enable identification of active
mutants.

In vitro characterization of TTL activity

Crucially, the strategy epends on provisio of both theazido and aldehyde
functionalized tyrosine analogs. Both compounds were synthesized in moderate yield and
tested for reactivity with the corresponding reactive hanBligufe A25, Figure AZ26,
Figure A28-Figure A33). To test the activity of the enzyme, purified T{Rigure A27) was

used to tyrosinate a ider acceptor gptide and truncated-r@er peptide. In addition to

123



tyrosine, 3AzY (2) and 3ForY (10) were also tested as substrates and were reacted with the
corresponding fluorophore (alkyne rhodamine or dansylhydrazine, respectively) to yield the
labeled peptide. HPL@nd mass spectrometry confirmed that TTL was able to efficiently
tyrosinate the 14ner peptide substrat&iure A34), while the 8mer proved to be a poorer
acceptor substratérigure A35). Gratifyingly, with the 14mer peptide, TTL was ablet

ut i | i ze Hnctiohaliz&dcdbniorcskbstratebkO(and12) (Figure A36 and Table 7).
Moreover, subsequent chemical ligation with the cooedmg fluorophore resulted in
identification of a mass ion consistent with successful bioorthogonal ligation. When the
truncated 8mer peptide was used, only azitle(in addition to tyrosine) could be transferred

to the peptide by TTL, and was subseglyeligated to the corresponding fluoragie.

Table 7. Summary of MS results for TTL peptide reactions.

14mer Reactions Exact Mass M+H M+2H Observed Mass
Tyrosine 1655.63 1656.63 828.82 828.82

3-ForY 1683.62 1684.62 842.82 842.82
3-ForY + Dansyl Hydrazine 1930.70 1931.70 966.36 966.36

3-AzY 1696.63 1697.63 849.32 849.32
3-AzY + Alkyne Rhodamine 2163.81 2164.81 1082.92 1082.92

8mer Reactions Exact Mass M+H M+2H Observed Mass
Tyrosine 1069.38 1070.38 535.69 1070.38
3-ForY 1097.37 1098.38 549.69 N/A
3-ForY + Dansyl Hydrazine 1344.45 1345.46 673.23 N/A

3-AzY 1110.38 1111.38 556.20 1111.38

3-AzY + Alkyne Rhodamine 1577.56 1578.56 789.79 789.79
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In vitro site-specific labeling of GFP™"

The data presented above illustsatour ability to successfully modifgeptides
derived from tubulin with a variety of functionalized amino acids. To test the ability of TTL
to tyrosibudate Peptides attached to an inert
was created containing the fldéingth Nterminal Histagged GFP sequence with the-fier
TTL acceptor tag appended to thetaBminus of GFP (GFP™). Purified GFP*™" was
incubated with TTL and a suitable tyrosine analodu8 analysis confirmed the addition of
Tyrosine, 3ForY, and 3AzY onto GFP*™ (Table 8). After addition of the tyrosine analog,
the reactive handles weligatedto the corresponding fluorophore. Reaction products were
then analyzed by SDBAGE andfluorescent proteins bands were observed foekpected
ligated products by SBBAGE Figure 73 and Figure A37). Cumulatively, these results
demonstrate for the first time, our ability to ligate tyrosine analogues to a protein of interest
via TTL andsubsequently specifically label the protein with a fluorescent reporter. With this

exciting proofof-principlein vitro data in hand, we next sought to validate YI&D strategy.

Table 8. Summary of GFP*™ reaction masses

GFP Reactions Average Mass Expected Mass Observed Mass

GFpHmer 30707.82 30559.63 30557.56
GFP®™(Tyr) 30870.99 30722.80 30719.55
GFP®™(3-AzY)  30911.99 30763.80 30762.23
GFP°™(3-ForY) 30898.98 30750.79 30749.67
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60kDa
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Figure 73. Site-specific labeling of GFP*™" with 3-AzY. A) TTL catalyzes the transfer of

3-azidotyrosine to GFP™" GFP*™| s

subsequently

fl uorescent |

reaction with DIBO*’. B) Coomassie stained SBRAGE (left) of azido modifiedGFP4™"
ficlickedd with DIBO®*” and the same gel imagetl 633nm (right). TTL ~ 45 kDa and GFP

~ 30 kDa.

Site specific labeling of GFE*™" displayed yeast cells

The GFP*™ gene was cloned into the yeast display plasmid pCTCON at the C

terminus of theAga2 protein, providing the vector GEP*.pCTCON. After transformation

into EBY100 cells and expression, confocal microscopy and FACS confirmed the display of

the GFP*™ on the cell surfaceFjgure 74). GFP*™"was also subohed in to pATCON as

anAgal fusion.
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Unexpressed GFP
Expressed GFP

B) o |
S S 14-mer -]

yeast cell

pCTCON-GFP

Figure 74. Yeast displayof GFP*™". A) Yeast cells imaged for fluorescence at 488. B)
Bright field image of the yeast cells. C) Image overlay showing the location ofRReo®
the cell surface.

To test the accessibility of the -tder acceptor tag to TTL while appended to GFP on
the yeast surface, GEP* was overexpressed in yeast, washed and subsequently incubated
with purified TTL and the azid&2. Initially, DIBO®*’ was used to establish whettier had
been installed onto the yeast displayed 8PP(Figure 75A). Due to the low lower signal
to noise afforded by the DIB®, confirmation of labeling was unsuccessful. Unfortunately,
because otrossover between the GFP chromophore and PE, the {BSA-PE labeling
method from Chapter 3 could not be used. To overcome this issue, the GFP gene was
removed leaving the 14mer tag on the end of Aga2 (K§&pand Agal (Agaf™) (Figure

A38). Both of these new constructs were evaluated for TTL activity using the optimized
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DIBO®"/SA-PE labeling conditions. Unfortunately, TTL was unable to recognize the

peptide appended to either protdiglre 75B).
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Figure 75. Yeast displayed GFP*™" labeling reactions A) FACS scatter plots of GEf"®'
labeling experiments with purified TTL. Theaxis (488 nm) corresponds to GFP expression
and the yaxis (647 nm) corresponds the DIBJ*' labeling signal.B) FACS histogram
GFP*™ Jabeling experiments with purified TTL. The-axis (FL2H) corresponds to
labeling and the-axis corresponds to the cell count.

To further investigate the issues with TTL recognition, a TEV ps®esite was
inserted between Aga2 and GFPF affording GFP*™TEV-pCTCON. Yeast cells

containing the plasmid were expressed and treated with TEV protease to cleave i 'GFP
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The cleavage ansuibsequenbss of GFP signal was observed by microsodpgure A40).
The free GFF™ was concentrated and reacted with TTL &hézY. After DIBO®’
labeling, the protein was analyzed by SBSGE. Encouragingly, a fluorescent protein band

corresponding to GEF™"was detected on ¢hgel Figure 76).

TEV site

A) Aga2 @
S S 14-mer

- . @,
S S 1) TTL/AZ-Tyr
yeast cell 2) DIBO®

B) Pure GFEp14mer Yeast GFEp14mer Pure GFp14mer Yeast GEp14mer
Ladder +TTL -TTL +TEV -TEV +TTL  -TTL +TEV -TEV
80kDa
60kDa
50kDa
30kDa ——
25kDa e

Figure 76. TTL TEV cleavage reactions A) Yeast TEV cleavage reaction scheme. B) TEV
proteas€25 kDa)cleaves the GFP™ from the yeast cell surface. GEP* is reacted with
TTL (45 kDa)and 3azidotyrosine. After incubation with DIB® the assay was analyzed by
coomassie stained SEFAGE (left) and in gel fluorescence at 633 nm (rightfluorescent
band at 30 kDa, corresponding to GFP, was present in both the purifiedl @mir+TEV
reaction.

This result suggests the GRP*is being successfully expressed in an active form,
but when fused to Aga?2 THolgh theldmed and EItEiguees s t h e
A39) can be successfully expressedtloa yeast cell surfaceyrther troubleshooting will be
needed to completthe TTL dual display strategy (includimgssible linker engineering
Once completed, TTL can be engineered for a variety of applications includirspsdiic

protein labelingsuch as PRIME?
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Appendix A. List of Primers

Primer | Primer Description Sequence 5- 3'

CL3 | GFRYSD-For-Nhel GTTTCGCTAGCATGAGCAAAGGAGAAGAACT

CL7 GFP TTL Rev ACTATGGATCCTCATTCTTCGCCTTCTTCTTCGCCTTC(G

CCTTCCACGCTATCCACTTTGTAGAGCTCATCCATGC

CL12 | TTL FWD Nhel GTTTCGCTAGCATGTATACCTTCGTGGTTCG

CL13 | TTL Rev BamHI GCTTCGGATCCCAGTTTAATAAATGCGGC

CL14 | TTL FWD Miul GTTTCACGCGTATGTATACCTTCGTGGTTC

CL15 | TTL Rev Ncol GCTTCCCATGGCAGTTTAATAAATGCGG

CL19 | DSZS FWD Nhel GGCTCGCTAGCAAAGCATACATGTTTCCCGGCA
CL20 | DSZS REV BamHI GATTCGGATCCGACGACGAGGGGCTGGG

CL21 | MCAT FWD Nhel GGCTCGCTAGCCTCGTACTCGTCGCTCCCGG

CL22 | MCAT REV BamHI GATTCGGATCCGGCCTGGGTGTGCTCGG

CL27 | SFP FWD Nhel GGCTCGCTAGCAAGATTTACGGAATTTATAT

CL28 | SFP REV BamHI GATTCGGATCCTAAAAGCTCTTCGTACG

CL36 | KirCIlO Fwd Nhel GGCTCGCTAGCGCCACCGTGCGCCT

CL37 | KirCIlO Fwd BamHI GATTCGGATCCACCACTACCTGCTGCTGCC

CL42 | ACP5 FWD Spel GTTTAACTAGTCCCGAGCCCGCAGCGGC

CL43 | ACP5 REV BamHI GATTAGGATCCCGGCTCGGGTGTGGCG

CL44 | ACP5 Nhel FWD GTTTAGCTAGCCCCGAGCCCGCAGCG

CL49 | ACP5 Stop BenHI GATTAGGATCCTTACGGCTCGGGTGTGG

CL50 | ACP5 FWD Pstl GTTTACTGCAGCCCGAGCCCGCAGCG

cLst | ACP5 REV Nhel _Craéglc':AéGCTAGCAGAACCACCACCACCCGGCTCGGGTG
cLs4 | ACP6 FWD Nhel 'é(éTAGTTTCGCTAGCGCGGCCCCGGCGCGGGAGATGA
cLss | ACP6 REV BamHI 'CF;GCAGCTTCGGATCCGAGCTGCTGTCCTATGTGGTCG
CL59 | Aga2 Fwd Ndel GGCTCCATATGATGCAGTTACTTCGCTGTTTTTC
CL64 | Agal FWD EcoRI GCCTCGAATTCATGACATTATCTTTCGCTCA

CL65 | Agal REV Nhel GCTTCGCTAGCACTGAAAATTACATTGCAAG

CL71 | pCTCON Fwd GTTCCAGACTACGCTCTGCAGG

CL72 | pCTCON Rev GATTTTGTTACATCTACACTGTTG

CL73 | FwdSeqDv2Aga2 TTCCTGTTATCGAGCTGCGC

CL74 | RevSeqDv2Aga2 TAGCAGTAGGAACATCAGGG

CL75 | FwdSegDv2Agal GCTAGCATTGAAGGTAGATACCC

CL76 | RevSeqDv2Agal CTCGAGCTATTACAAGTCCTC
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CL77 | AgalSeqFwd GCTAGCATTGAAGGTAGATACCC

CL79 | Agal Seq Rev CAATATTAGTTAATCCCAAC

cLes | GEP TR Fwd ggg;gg:gﬁigGAAAACCTGTATTTCCAGGGCATGAG

CL86 | FIUAT1 Rev BamHI GGCTCGCTAGCGCGGTGCTGGTGTTCC

CL87 | FIUAT1 FWD Nhel GATTCGGATCCTGCGGTGAACGCCTC

CL102 | Mod6 KSACP Fwd?2 GACTCGCTAGCGTCGGCGCAGCAGAGG

CL103 | Mod6 AT-ACP Fwd2 GACTCGCTAGCGAGCCCGAGCCGOG

CL104 | Mod6 KR-ACP Fwd2 GACTCGCTAGCGCCGTGGACTGGCGG

CL105 | Mod6 ACP6 Rev2 GATTCGGATCCGAGCTGCTGTCCTATGTGGTCG

CL106 | KirClIO Fwd Mlul GTTTCACGCGTGCCACCGTGCGCCT

CL107 | KirClIO Rev Ncol GATTACCATGGACCACTACCTGCTGCTGCC

CL108 | KS ACP5 Nhel Fwd GTTTAGCTAGCGACGACG CGCCATCGTC

CL109 KS Linker ACP5 Nhel

Fwd GTTTAGCTAGCGAGGAGTTCCGCACCCG

CL110 | ACP5 Rev BamHI 2 GATTAGGATCCCGGCTCGGGTGTGGC

CL111 | 14mer OL PCR Fwd1 GATGTGAATTCTACTTCATACATTTTCAATTAAGATG

CL112 | 14mer OL PCR Revl GCTATCCACCATGCTAGCAGAACCACCA

CL113 | 14mer OLPCR Fwd2 GCTAGCATGGTGGATAGCGTGGAAGGC

CL114 | 14mer OL PCR Rev2 GATTCGAGCTCAATTCTCTTAGGATTCGA

CL124 | ACP5 Fwd EcoRI GATGTGAATTCATGCCCGAGCCCGCAGCG

CL125 | ACP5 Rev Pstl GTTTACTGCAGCGGCTCGGGTGTGGCG

CL130 | Aga2 Fwd Nhel GGCTCGCTAGCATGCAGTTACTTCGCTGTTTTTC

CL132 | Aga2 Rev BamHI GATTCGGATCCAGCGTAGTCTGGAACGTCG

CL133 | Linker 2 Pstl Fwd GTTTACTGCAGCCCGGGGGTGGAGGTAG

CL134 | Linker 2 Nhel Rev GGCTCGCTAGCAGGCCTACCTGATCCAGAACCA

CL144 | ACPp Fwd Nhel GGCTCGCTAGCATGAGCACTATCGAAGAACGCG

CL145 | ACPp Rev BamHI GATTCGGATCCCGCCTGGTGCCGTT

CL148 | ACP6 KO SDM FWD CCGAGCTCGGCTTCGACGCGCTGACCGCGGTCGGG

CL149 | ACP6 KO SDM REV CCCGACCGCGGTCAGCGCGTCGAAGCCGAGCTCGG

CL193 | ACPFlul Fwd2 Nhel GGCTCGCTAGCCTGACCGGACTACCGGC

CL203 | ACPFIul Rev2 BamHI GATTCGGATCCGGTGACACGCTGGAGCAG

CL206 | ACP2 Nhel Fwd GGCTCGCTAGCCTGCGCGACCGGCTG

CL207 | ACP2 BamHI Rev GATTCGGATCCATCGCCGTCGAGCTCCC
GGAGCCGGACGCGGTGNNKGGGCACAGCATGGGCGA

CL210 | KirCll T179X Fwd G

CL211 | KirCll T179X Rev CTCGCCCATGCTGTGCCCMNNCACCGCGTCCGGCTC(
CGACGATTGAAGGTAGATACCCATACGACGTTCCAGA

CL226 | Error Forward Primer CTACGCTCTGCAG

CL227 | ErrorReverse Primer CAGATCTCGAGCTATTACAAGTCTTCTTCAGAAATAA
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GCTTTTGTTC

CL244

KirCll D176A Fwd

GTTGGCGGGTGGAGCCGGCCGCGGTGACCGGGCAC

CL245

KirCll D176A Rev

GTGCCCGGTCACCGCGGCCGGCTCCACCCGCCAAC

CL246

KirCll 1186AFwd

CACAGCATGGCCGAGGCCTCCGCCGGGTACGCG

CL247

KirCIl 1186A Rev

CGCGTACCCGGCGGAGGCCTCGCCCATGCTGTG

CL248

KirCll S187A Fwd

GCATGGGCGAGATCGCCGCCGGGTACGCGG

CL249

KirCll S187A Rev

CCGCGTACCCGGCGGCGATCTCGCCCATGC

CL250

KirCll G189A Fwd

GGCGAGATCTCCGCCGCGTACGCGGCCGGAGCG

CL251

KirCll G189A Rev

CGCTCCGGCCGCGTACGCGGCGGAGATCTCGCC

CL252

KirCIl 1214A Fwd

CCTGCTGCGGCGGGCCGLCGGLLGG

CL253

KirCll 1214A Rev

CCGGCCGGCGGCCCGCCGCAGCAGG

CL254

KirCll M277V Fwd

GGCGTCTACTGCCGGGTGGTGCGGGGTACGG

CL255

KirCll M277V Rev

CCGTACCCCGCACCACCCGGCAGTBACGCC

CL256 | KirCll V278A Fwd GTCTACTGCCGGATGGCGCGGGGTACGGTCGC
CL257 | KirCll V278A Rev GCGACCGTACCCCGCGCCATCCGGCAGTAGAC
CL258 | KirCll 279A Fwd CTACTGCCGGATGGTGGCGGGTACGGTCGCCTC
CL259 | KirCll 279A Rev GAGGCGACCGTACCCGCCACCATCCGGCAGTAG
CL260 | KirCll S286A Fwd CGGTCGCCTCGCACGCCCACTACGTCGACG
CL261 | KirCll S286A Rev CGTCGACGTAGTGGGCGTGCGAGGCGACCG
CL262 | KirCll H287A Fwd GTCGCCTCGCACAGCGCCTACGTCGACGAACTG
CL263 | KirCll H287A Rev CAGTTCGTCGACGTAGGCGCTGTGCGAGGCGAC
CL264 | KirCll Y288A Fwd GCCTCGCACAGCCACGCCGTCGACGABTGCG
CL265 | KirCll Y288A Rev CGCAGTTCGTCGACGGCGTGGCTGTGCGAGGC
CL266 | KirCll T179V M183Q Fwd| GTGGTCGGGCACAGCCAGGGCGAGATCTCCGCC
CL267 | KirCIl T179V M183Q Rev | GGCGGAGATCTCGCCCTGGCTGTGCCCGACCAC
ZY1 FluAT1smalkNcol-FOR AGCTTCCCATGGGGGATGCGGTGCTGGTGTTCCCCG
ZY2 FluAT1smaltNotl-REV AGCTTCGCGGCCGCTGCGGTGAACGCCTCGCCC
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Appendix B. Chapter 2 Supplemental Figures

Figure Al. Chemoenzymatic synthesis of malonyCoA analogs.HPLC chromatograms of
azidoethyl, propargyl, allyl, ethylna methyl reactions with MatB T207S/M3061.
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