
 

 

ABSTRACT 

LADNER, CHRISTOPHER COLIN. New Strategies for Engineering the Substrate 

Specificity of Polyketide Synthases. (Under the direction of Dr. Gavin Williams). 

 

Polyketides are a diverse group of therapeutic natural products that are invaluable 

for the defense against a variety of diseases. Due 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 derivatives. Unfortunately, this field has been hindered by 

the lack of high-throughput protein engineering strategies, which are necessary to 

manipulate the complex biosynthetic machinery.  

Described in this work are efforts to develop a new strategy for altering the 

substrate specificity of polyketide synthases (PKSs) en route to the diversification of 

natural products. Most of the current PKS protein engineering strategies rely on low-

throughput approaches (e.g. radioisotope labeling, chromatography, and mass 

spectrometry) to screen only modest panels of mutants. These methods are not sufficient in 

throughput to survey the vast protein landscape that is likely necessary to alter the 

substrate specificity of PKS components, such as acyltransferase domains. This technology 

gap is significantly hindering progress toward polyketide synthase engineering and the 

discovery of new therapeutic natural products. To this end, we have developed a new high-

throughput strategy for the detection acyl-CoA transfer using ñclickò chemistry. This assay 

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



 

 

activity. This assay was also used to create the first ultra-high-throughput assay to screen 

for acyl-CoA transfer. 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 Ladner and Gavin J Williams. Harnessing 

natural product assembly lines: structure, promiscuity, and engineering. Journal of Industrial 

Microbiology & Biotechnology 43, 371-387 (2016). 

 

1.1 Introduction  

Therapeutic polyketide natural products have been invaluable for the treatment of a 

variety of diseases including bacterial infections (e.g. erythromycin), cancer (e.g. epothilone), 

and immunosuppression (e.g. rapamycin) (Figure 1).
 
Notably, approximately 65% of the 

current drugs on the market are derived or inspired from natural products.
1, 2

 Consequently, 

polyketides and other natural products, including their biologically active precursors and 

derivatives, have proven popular targets for total synthesis.
3, 4

 Though there has been much 

success in this area, most synthetic routes to complex polyketides require dozens of chemical 

steps and are generally low yielding.
5
 Furthermore, this approach is often not amenable to 

facile analoging. In contrast, Nature has arrived at a remarkably efficient strategy for 

producing complex structures by assembling 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 called type I polyketide synthases (PKSs) via the selection and installation of 

acyl-CoA derived building blocks called starter units and extender units.
6
 Type I PKSs are 

organized in a modular fashion, whereby a module of enzyme activities is responsible for 

building block selection and installation into the polyketide (Figure 2). Type I PKSs are 

composed minimally of three domains: acyl carrier protein (ACP), acyltransferase (AT), and 

ketosynthase (KS). The ACP is post-translationally modified with a phosphopantetheine arm, 

which serves to shuttle substrates and intermediates through the assembly line. Additionally, 
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PKSs can contain optional domains such as the ketoreductase (KR), enoylreductase (ER), 

dehydratase (DH), and thioesterase (TE). Fungal PKSs are a variant of type I PKSs in which 

a given module acts in an iterative fashion.
7
 In contrast to assembly line PKSs, type II PKSs 

possess discrete monofunctional domains.
8
 Further, type III PKSs act as simple homodimers 

producing small aromatic compounds.
9
  

 

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

organization. Module ónô shows the minimal domains that are required by most PKS 

modules. Module ón+1ô includes a full complement of reductive domains. Typical starter and 

extender units are shown, along with an example of a polyketide produced by a type I PKS. 

 Additional structural diversity is afforded by mixing PKSs with other assembly lines 

such as non-ribosomal peptide synthases (NRPSs) to form hybrid assembly lines such as the 

zwittermicin synthase.
10, 11

 Polyketides can be further modified by a variety of post-assembly 

line tailoring enzymes such as P450s, glycosyltransferases and methyltransferases.
11-13

 For 

example, 6 deoxyerythronolide B (6dEB) is post-assembly line modified through five 

enzymatic steps to generate the bioactive Erythromycin A (Figure 3).
14

 Accordingly, there is 

an abundance of natural product structural diversity afforded by assembly lines and 
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associated tailoring machinery. Nevertheless, natural products often require further chemical 

modification in order to improve biological activity and to modulate pharmacological 

properties. For example, the semi-synthetic derivative Solithromycin, which is currently in 

phase 3 clinical trials, is produced in 16 steps starting from the biosynthetically derived 

Erythromycin.
15

 

 

Figure 3. Post-assembly line tailoring of 6-deoxyerthronolide B. 6-deoxyerthronolide B, 

the final product of the DEBS assembly line, is fully decorated to Erythromycin A by five 

tailoring enzymes: eryF (P450), eryB (glycosyltransferase), eryC (glycosyltransferase), eryK 

(P450), and eryG (methyltransferase). 

In an effort to biosynthetically diversify 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 modularity of these systems by domain and module swapping to 
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produce ónon-naturalô natural products have been met with limited success. Often, chimeric 

assembly lines produce the desired analogue in much lower titers than the wild-type 

machinery.
16-19

 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 

1.2.1 Overview of approaches 

The large nature of type I PKSs, poor understanding of protein dynamics, and 

complex protein-protein interactions have hindered attempts to reprogram PKSs by domain 

and module swapping. Consequently, a degree of ingenuity and creativity has been required 

to generate new polyketide analogues. Cumulatively, a variety of strategies including 

precursor-directed, mutasynthesis, combinatorial biosynthesis or some combination thereof 

have been explored (Figure 4). Rather than designing chimeric PKSs for the production of 

ónon-naturalô natural products, notable emerging successes in this area have leveraged the 

promiscuity of assembly line components either directly or as a platform for enzyme 

redesign. 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 strategies for the production of natural product analogues. A) 

Natural biosynthesis via a generalized assembly line. B) Precursor-directed biosynthesis: 

non-native or non-natural building blocks are installed through inherent promiscuity of a 

module and/or domain and usually results in a mixture of the natural product and non-natural 

analogue. B) Precursor-directed mutasynthesis: natural building block biosynthesis is 

knocked out and supplemented by a non-natural building block. D) Enzyme-directed 

mutasynthesis: site-specific mutagenesis affords substrate flexibility/orthogonality and 

results in the regioselective incorporation of non-natural building blocks. E) Domain 

swapping: substitution of the natural domain with another domain from a different assembly 

line allows for non-native building block incorporation. 
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 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 monocarboxylic 

acid that is inherently orthogonal to the extension modules.
20

 In addition, several loading 

modules exhibit relaxed specificity for the loading unit, a feature that can be easily leveraged 

by precursor-directed biosynthesis and mutasynthesis. For example, the natural function of 

the avermectin loading domain AT is to install 2-methylbutyryl-CoA or isobutyryl-CoA to 

provide the A and B 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 strain.
21

 Moreover, substitution of the 

erythromycin PKS loading domain with that of avermectin leads to generation of the 

expected analogues.
22

 Several other loading domains have more recently shown similar 

substrate promiscuity.
23-25

 A KS1 null strain of DEBS has been used to diversify starter units 

in addition to modifying other positions in erythromycin.
26

 This mutasynthesis approach has 

afforded analogues modified with various non-natural alkyl substituents, in addition to 

fluoro, azido, and alkynl derivatives.
27, 28 

More recently, this approach was applied in E. coli 

and coupled with a colony bioassay and resulted in the identification of 15-propargyl 

erythromycin A.
29

 This analogue is equipotent as erythromycin A and could be rapidly 

diversifying via ñclickò chemistry. Intriguingly, molecular 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 in the avermectin loading domain 

was sufficient to shift the specificity towards non-native acyl-SNAC substrates, at least as 
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judged by enzymatic hydrolysis of the thioester.
30

 However, 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 towards non-native or non-

natural starter 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, malonyl-CoA and methylmalonyl-CoA. Besides the limited extender unit 

functionality, titers of the final products were severely reduced.
31

 One recent notable example 

of effective AT-swapping produced 24-desmethylrifamycin, which showed excellent activity 

against rifamycin resistant strains of M. tuberculosis in good yield.
32

 Though most 

polyketides are constructed from malonyl-CoA and methylmalonyl-CoA, a modest variety of 

chemical functionality is also available, including extender units modified at the C2 position 

with various alkyl chains, amines, hydroxyls, and halogens.
33, 34

 Many of the more unusual 

extender units are biosynthesized using crotonyl-CoA reductase (CCR) or ACP-linked 

pathways (Figure 4A). Some of these extender units require multistep enzymatic reactions 

that are not easy to manipulate. Nevertheless, 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 changes (Figure 4A).
35

 Notably, some atypical extender units are 

generated by dedicated modules that resemble type I/type II PKSs. By knocking out part of 

such a pathway for allymalonyl-CoA biosynthesis in the FK506 producer and by feeding in a 

series of carboxylic acids, several novel FK506 analogues were generated.
36

 Remarkably, by 
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combining enzymatic machinery from the FK506 producer allylmalonyl-CoA pathway with 

that from the isobutyrylmalonyl-CoA pathway of the ansalactam producer, a hybrid pathway 

for isobutenylmalonyl-CoA was created to afford the corresponding 36-methyl-FK506 

analogue (Figure 4A).
37

 Recently, a de novo pathway for extender units functionalized with 

terminal alkynes and alkenes was described and was utilized to generate analogues of 

antimycin (Figure 4B), the biosynthesis of which involves a single PKS extension module.
38

 

Coupling this novel extender generation system to other PKSs will likely require engineering 

the specificity of target ATs. Interestingly, a biosynthetic pathway for aromatic extender unit 

acyl-CoAs from amino acids was recently elucidated and used to target a promiscuous AT 

domain in the splenocin PKS (Figure 4C).
39

  

To complement lengthy, complex, and specialized extender unit pathways, 

chemically synthesized N-acetylcysteamine (SNAC) analogues or biosynthesized 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 in situ that are modified with ñclickò handles. For example, a variety of 

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 promiscuity of PKSs via precursor directed 

biosynthesis.
40-42

 Alternatively, structure-guided mutagenesis, driven by the recently 

described MatB crystal structure, has afforded malonyl-CoA synthetase mutants with broad 

specificity and provide a facile route to non-natural and non-native extender units, including 

those modified with such chemical handles for ñclickò chemistry (Figure 4D).
43,

 
44, 45
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Interestingly, the promiscuity of the terminal extension module of DEBS was sufficient to 

utilize a total of nine non-native and non-natural extender units provided by an engineered 

synthetase.
46

 Notably, wild-type malonyl-CoA synthetase was demonstrated to provide the 

non-natural extender unit fluoromalonyl-CoA, albeit poorly.
47

 Subsequently, the halogenated 

building block was incorporated into a simple diketide by NphT7 and reduced by PhaB. 

Moreover, fluoromalonyl-CoA was utilized by the terminal extension module of DEBS, and 

by a bimodular DEBS system when complemented with a malonyl-CoA specific trans-AT 

domain to afford triketide pyrones and tetraketide lactones, respectively.
47

 Other approaches 

that rely on trans-ATs are limited by the inherent stringent specificity towards malonyl-CoA. 

The remarkable extender unit promiscuity of the kirromycin trans-AT KirCII might be 

leveraged to generate a wider range of analogues.
44
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Figure 5. Extender unit generation for polyketide engineering. A) Production of 

unnatural malonyl-CoA extender units via crotonyl-CoA reductase and subsequent 

installation into salinosporamide and FK506. B) Installation of an alkyne into antimycin via a 

novel pathway C) MatB-generated library of diverse malonyl-CoA extender units. 

 

Rather than applying mutasynthesis by simply deleting biosynthetic functions, several 

applications are emerging that aim to utilize point mutations to direct the installation of non-
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natural and non-native 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 propargylmalonyl-thioesters.
41

 Indeed, this enzyme-

directed mutasynthesis approach led to production of 2-propargyl erythromycin in S. 

erythraea, although the specificity and product yield of the mutant could not be quantified. In 

contrast, Williams and colleagues have characterized a series of mutations to the DEBS 

terminal module that dramatically shift specificity towards non-natural and non-native 

extender units, enabling the in vitro generation of regioselectively modified macrolactones by 

utilizing chemically synthesized chain elongation intermediates (Koryakina I, Sherman DH, 

Williams GJ et al., unpublished results). In principle, these minimally invasive approaches to 

engineering PKS AT domains could overcome 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 differences 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 

extender unit 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 inline tailoring of 

the growing natural product chain. Most of the focus has been directed at the reductive 
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domains through either domain swapping or mutagenesis. Whole PKS reductive loops have 

been successfully swapped to alter the stereochemical outcome of a truncated product from a 

bimodular PKS.
48, 49

 Using similar bimodular PKSs for screening, site-directed mutagenesis 

of the amphotericin ketoreductase afforded a change in stereochemistry.
50

 In all 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 natural products. For example, Tang and coworkers were able to 

install an alkyne moiety onto chaetoviridin via an unnatural selenium S-adenosyl-L-

methionine mimic.
51

 This strategy has the potential to install new chemical diversity 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 C-terminal thioesterase domain (TE).
52, 53

 Though the structure 

and mechanism of several TEs have been determined, no progress has been made with 

respect to engineering these enzymes.
54

 This is perhaps related to the difficulty of accessing 

precursors that can be used to probe the specificity of TEs. In addition, a wealth of in vivo 

and in vitro data suggests a complex and varied picture of substrate specificity and 

requirements for macrocyclization that depend on the type of TE.
53

 Further insight and 

engineering of TEs could lead to new strategies for cyclizing new or altered polyketides 

scaffolds. 
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1.3 Future perspectives 

Approaches that rely on substrate promiscuity 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 are likely 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. Bioinformatics 

platforms such as antiSMASH allow for natural product structures to be easily predicted 

from genome sequences.
55

 The large number of microbes that cannot be cultured has 

motivated advances in metagenomics and activity-based screening.
56-59

 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 mechanisms and chemistry.
60-62

  

Secondly, tools and techniques from synthetic biology need to continue to be applied 

to natural product assembly lines.
63

 For example, combinatorial gene cluster refactoring and 

gene assembly methods could provide simple plug and play devices to rapidly generate 

mutant or hybrid assembly lines.
18,

 
64, 65, 66

 Further, heterologous hosts could be developed as 

platforms for production of polyketides using engineered assembly lines.
67

 Genome editing 

technologies such as CRISPR-Cas9 will enable fast and efficient engineering of host 

strains.
68, 69

  

Thirdly, new strategies for engineering the activity and substrate specificity of PKSs 

need to be developed. High-throughput screens or selections that detect the final product of 
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an assembly line pathway will allow the identification of mutants that are able to process 

non-natural 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 product(s) is already 

known.
16, 70, 71

 Genetically encoded biosensors may prove useful general tools for screening 

libraries of mutant or chimeric assemble lines.
72

 For example, an evolved transcription factor 

biosensor based on AraC was used to screen a library of 2-pyrone synthase mutants, resulting 

in the identification of a variant that displayed a 19-fold improvement in catalytic 

efficiency.
73

 Unfortunately, biosensors must be pre-engineered for the desired product with 

an existing target and are ideal for titer optimization. The application of evolutionary 

strategies to engineer the activity and specificity of PKSs has been hindered by a lack of 

suitable high-throughput screens.
74, 75

 Clever systems such as yeast surface display offer the 

potential to screen the activity of very large combinatorial libraries of mutants.
76, 77

 Yet, these 

platforms have not been adapted to screening for bond transfer enzymes such as 

acyltransferases. This is mostly due to the complexity of these megasynthases as well as the 

inability to couple PKS activity to fluorogenic or colorimetric specific screens. 

1.4 Scope of this dissertation 

Described in this work are efforts to develop a new strategy for altering the substrate 

specificity of polyketide synthases en route to the diversification of natural products. Most of 

the current PKS protein engineering strategies rely on low-throughput approaches (e.g. 

radioisotope labeling, chromatography, and mass spectrometry) to screen only modest panels 

of mutants. These methods are not sufficient in throughput to 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 progress toward polyketide 

synthase engineering and the discovery of new therapeutic natural products. To this end we 

have developed a new high-throughput strategy for the detection acyl-CoA transfer using 

ñclickò chemistry. This assay was used to discover the first mutant trans-acyltransferase with 

an altered/improved activity. This assay was also used to create the first ultra-high-

throughput assay to screen for acyl-CoA transfer. Furthermore, our newly developed strategy 

can be easily adapted to a variety of enzymes outside of natural product biosynthesis. 
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 CHAPTER 2. Engineering the Acyl-CoA Specificity of trans-

Acyltransferases 

2.1 Introduction  

The acyltransferase (AT) domainôs role as the ñgate-keeperò of the polyketide 

pathway has made it a target for engineering.
31

 Of the known AT domains most only use one 

of two substrates (malonyl-CoA or methylmalonyl-CoA). The high specificity for only these 

analogs limits the chemical diversity that can be installed in polyketides.
78

 In contrast with 

canonical AT domains of PKSs which are embedded within each module and therefore act in 

cis, recently, so-called ódiscreteô or óstandaloneô AT domains were discovered that act in 

trans with a cognate ACP domain within a given module.
79

 Accordingly, these trans-AT 

serve modules which themselves lack an active cis-AT, and are often referred to as ñAT-less 

PKSsò. Moreover, in addition to the natural function of trans-ATs, these standalone enzymes 

are able to trans-acylate non-cognate ACPs within other PKS modules that house site-

directed inactivated cognate cis-ATs (Figure 6).
80
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Figure 6. trans-complementation scheme. Using promiscuous trans-ATs new functionality 

can be installed into 6-deoxyerythronolide B. In this hypothetical example malonyl-CoA 

analogs are installed via the trans-AT in module 6 that possesses an inactive cis-AT. The 

new functionality is highlighted in blue. 

Recently, our lab has investigated the promiscuity of a trans-AT, KirCII, from 

kirromycin biosynthesis.
81

 KirCII is responsible for installation of the C28 ethyl moiety of 

kirromycin, via ethylmalonyl-CoA (Figure 7).
82

 Interestingly, KirCII has been shown to not 

only load its cognate ACP (ACP5
Kir

) with ethylmalonyl-CoA, but also other analogs such as 

allyl-, azidoethyl-, alkynl-, and benzylmalonyl-CoAs. This is the first and only polyspecific 

trans-AT which utilizes CoA-linked extender units to be described to date. The ability of 

KirCII to accept azido and alkynyl extender units offers the unique possibility of using the 

non-natural functionality as a handle for ñclickò chemistry, and subsequently for developing 

novel screens to evolve trans-AT specificity (Figure 8). Currently, trans-ATs are assayed by 
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either mass spectrometry or radioisotope labeling, both of which are very low-throughput and 

tedious screening methods. To date, no trans-ATs have ever been engineered with altered 

ACP or acyl-CoA substrate specificity. Here, we describe the development of a ñclickò 

chemistry based cycloaddition assay to rapidly screen KirCII mutants, which led to the 

discovery of mutations with improved and altered substrate specificity. The insight into 

trans-AT specificity obtained here will contribute to improving trans-AT based strategies for 

polyketide diversification. 

 

Figure 7. Kirromycin biosynthesis. Kirromycin is produced by a large hybrid type 1 trans-

AT polyketide synthase. KirCI (red) incorporates malonyl-CoA into 11 different modules. 

KirCII (blue) installs the unique ethylmalonyl-CoA into module 5.  

 



20 

 

 

Figure 8. Acyltransferase fluorescent ñclickò chemistry assay. An acyltransferase 

catalyzes the transfer of azidoethylmalonyl-CoA to an acyl carrier protein. The azido 

modification of the ACP is detected by the ñclickò reaction with a suitable alkyne 

fluorophore. 

2.2 Results and Discussion 

2.2.1 Chemoenzymatic synthesis of azidoethylmalonyl-CoA  

Crucially, our strategy depends on provision of an azido functionalized extender unit 

acyl-CoA. Azidoethylmalonate was synthesized as previously described in 55% yield (see 

methods). Product identity was confirmed by 
1
H NMR and LC-MS analysis, which was in 

complete agreement with the literature report. To test the reactivity of the azido group, 3 was 

reacted with alkyne rhodamine (4) via the Cu(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) to yield 5 (Figure 9). Mass spectrometry analysis of the crude reaction mixture 

confirmed the presence of the expected product (Figure 10). 
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Figure 9. Copper ñclickò reaction of azidoethylmalonate and alkyne rhodamine. 

 

Figure 10. LC-MS of copper ñclickò reaction. MS data confirming the orthogonal copper 

ñclickò reaction between 3 and alkyne rhodamine. 

Next, an engineered malonyl-CoA synthetase mutant (MatB T207S/M306I), 

previously created in our laboratory, was used to activate the diacid as the CoA thioester. As 

expected, the mutant MatB converted almost all of the available CoA to the corresponding 

azidoethylmalonyl-CoA, as judged by HPLC (Figure 11) and LC-MS confirmed the identity 

of the product. 

(4) (5) 

 

(3) 
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Figure 11. HPLC analysis of azidoethylmalonyl-CoA production.  

2.2.2 Azide-alkyne cycloaddition assay
 

Though the classic Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) has been 

used to detect azido-modified proteins, the strain-promoted azide-alkyne cycloaddition 

(SPAAC) is emerging as an attractive alternative.
83

 Cyclooctynes, 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 proof-of-principle, the promiscuous 

protein labeling tool Sfp phosphopantetheinyl transferase (see methods) was used to transfer 

azidoethylmalonyl-CoA to ACP5
Kir

 (i.e. the ACP from module 5) from kirromycin synthase 

(Figure 12A). The reactions were analyzed by SDS-PAGE and densitometric analysis of the 

Coomassie and DIBO-stained gels (633 nm), respectively (Figure 12B). An intense 

fluorescent band corresponding to the same molecular weight of ACP5
Kir

 was clearly 

detected in the presence of Sfp. Low-level 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 result demonstrates the feasibility of using Cu-free ñclickò chemistry to 

detect ACP-displayed azido-modified malonate analogues. 

 

 

 

Figure 12. Development of a fluorescent cycloaddition assay to probe acyltransferases. 
A) Sfp first catalyzes the transfer of azidoethylmalonyl group onto ACP5

Kir
 from 

azidoethylmalonyl-CoA. The fluorescent cycloaddition reaction is then performed between 

the azido-ACP5
Kir

 and DIBO
647

. B) The assay was analyzed by Coomassie stained SDS-

PAGE (left) and in gel fluorescence at 633 nm (right). Only the reaction with Sfp produced a 

fluorescent band at ~20 kDa, corresponding to labeled ACP5
Kir

. 

To validate that the KirCII-catalyzed acyl transfer coupled SPAAC assay, a series of 

time course, titration and AT control experiments were performed. First, KirCII mediated 

acyl-transfer was evaluated using the strategy above. Only reactions containing KirCII, 

azidoethylmalonyl-CoA and ACP5
Kir

, produced a positive fluorescent band after detection 

with DIBO
647

 (Figure 13). Mass spectrometry analysis confirmed the addition of 

azidoethylmalonate as well as ñclickedò DIBO
647

-ACP5
Kir

 product (Figure A2). 
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Figure 13. Validation of the fluorescent cycloaddition assay for KirCII activity.  A) 

KirCII first catalyzes the transfer of azidoethylmalonyl group onto ACP5
Kir

 from 

azidoethylmalonyl-CoA. The fluorescent cycloaddition reaction is then performed between 

azido-ACP5
Kir 

and DIBO
647

. B) The assay was analyzed by Coomassie stained SDS-PAGE 

(left) and in-gel fluorescence at 633 nm (right). Only the reaction with KirCII and DIBO
647

 

produced a strong fluorescent band at ~20 kDa, corresponding to labeled ACP5
Kir

. 

Time course analysis showed the fluorescence intensity was dependent on the KirCII 

reaction incubation time (Figure 14). Fluorescence intensity was in linear relationship with 

reaction time up to 20 minutes. The fluorescence intensity was shown to be dependent on the 

Ki rCII concentration (Figure 15). Fluorescence intensity was in linear relationship with 

KirCII concentration in the range of 0 µM to 3 µM.  
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Figure 14. Time course analysis of KirCII assay. Fluorescent labeling of ACP5
Kir

 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. 

 

Figure 15. KirC II titration assay.  [KirCII] was varied from 0 µM to 3 µM, fluorescence 

labeling of ACP5
Kir

 increased linearly as KirCII concentration increased. Fluorescence 

intensity was represented by arbitrary units. The assay was performed twice and 

experimental errors 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 specificity (Koryakina et 

al. unpublished data).
84

 Almost all ethylmalonyl-CoA specific ATs contain the conserved 

VXGHS and A(G/S)H motifs (where X is variable).
31

 Using the validated ñclickò screen, 

alanine scanning mutagenesis was used to identify important residues near these conserved 

sequences. Thirteen residues were mutated to alanine using site-directed mutagenesis. 

Additionally, three other single mutants and one double mutant were made, T179V, M183Q, 

M277V, and T179V/M183Q. These mutations were selected based off a sequence alignment 

of KirCII with other known ethylmalonyl-CoA specific ATs. Valine, glutamine, and valine 

are commonly found at positions 179, 183 and 277, respectively, but interestingly KirCII 

deviates from this consensus sequence (Figure 16). 
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Figure 16. Ethylmalonyl -CoA AT sequence alignment. The sequence for KirCII was 

aligned with six other ethylmalonyl-CoA utilizing ATs: DivAT4 (divergolide synthase), 

MerAT4 (meridamycin synthase), FluAT1 (fluvirucin synthase), TylAT5 (tylosin synthase), 

SfaAT13 (sanglifehrin synthase), MonAT9 (monensin synthase). Highlight code: green are 

conserved residues, yellow are conserved residues for all ATs except KirCII, red is KirCII 

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 methods) and purified. After 

acylation by KirCII and ñclickò detection, the reactions were analyzed by SDS-PAGE and 

densitometric analysis of the Coomassie and DIBO-stained gels, respectively. To account for 

any background labeling, a control in the absence of KirCII was performed. For every 

analysis, the background labeling was subtracted from the fluorescence intensity obtained in 

the presence of each KirCII enzyme. For all experiments, KirCII activity was normalized to 

the WT reaction. Screening of the mutants revealed several interesting findings (Figure 17). 

First, all of the alanine mutations resulted in a reduction in activity, with M183A, I186A, 

Div AT4   SLAAVWQAAGVEPAAVVGHSQGEVAAAFVAGALSLEDAARTVVLRSALFAAELVGRGAVV 261  

MerAT4   SLAELWSSYGITPSAVVGHSQGEI AAACVAGALSLEDAAKVVVLRSRLFAETLVGNGAIA 477  

FluAT1    ALAALWESVGVRPAAVVGHSQGEVAAACVAGVLSLADAVRVVVLRSRLFAAELWGRGAIA 223  

TylAT5    SLAACWRDLGVHPAAVVGHSQGEI AAACVAGALSLEDAARIVALRSRAWLT- LAGKGGMA 128 

SfaAT13   SLAALWRSYGVEPSAVVGHSQGEI AAAYVAGALDLRDAARIVATRGKAWLT- LAGTGGMA 533 

MonAT9   SLAAVWADYGVTPAAVVGHSQGEMAAACVAGALSLEDAARIVAVRSDALRQ- LQGHGDMA 353 

KirCII    ALVALWRSWRVEPDAVTGHSMGEI SAGYAAGALTLDDALLIACRRSALLRRIAG- RGALA 221 

                            *  

Div AT4   SVALGSEEVERRIAAHDGRLALGGRNSPAASTVVGDTEALTEFVARCKADGIRAQ- VVGS 320  

MerAT4   SVALPAEQLATRIEPWGERLAVAGVNGPAAATVAGDPQSLEEFVAACVADGVRAR- VVPA 536  

FluAT1    AVGLPAEVVRERIASLGGGLEVSADNGPASCAVAGPGQVLEEFVERLRGEGVRAR- VIAT 282  

TylAT5    AVSLPEARLRERIERFGQRLSVAAVNSPGTAAVAGDVDALRELLAELTAEGIRAKPI PGV 188  

SfaAT13   SVALPRAEAAERLRPFGHRLDIAAVNDPRSVTVAGDLDALEEFLTGLETEGVRVRRVRQI 593  

MonAT9   SLGTGAEQAAELIGDR- PGVVVAAVNGPSSTVISGPPEHVAAVVAEAEARGLRAR- VIDV 411  

KirCII    TTELSPEAAHALAASSGGRICVAGENSPRSTVLAGDTATLTALVEDLDRRGVYCR- MVRG 280  

 

DivAT4   TVASHCAQVDPLHDRIVEMLAGIAPKPARVPFYSTVDAA- EIDTESLTGEYWFRNARFPV 379 

MerAT4   TVASHGPQVEPLRERLLALLADVAPRQSTVPFYSTVTGG- LLDTTELDADYWFWNARKPI 595 

FluAT1    TVASHSQMVEPLREQLLEMLGPITPEAGRVPVYSTVTGG- VLAGSELGAEYWFANARRPV 341 

TylAT5    DTAGHSAQVDGLKEHLFEVLAPVSPRSSDIPFYSTVTGA- PLDTERLDAGYWYRNMREPV 247 

SfaAT13   VGAGHTAHVDALRDQLIETLAPTAPRSAPIAFCSTVTGG- LLDTAGLDHHYWYRNARRTV 652 

MonAT9   GYASHGPQIDQLHDLLTEGLADIRPANTDVAFYSTVTAERLTDTTALDTDYWVTNLRQPV 471 

KirCII    TVASHSHYVDELRDDLAGALRPLSPVPSRVPFYSTVTAA- PVPGTDLGPAYWMRNLREPV 339 

        *  
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V278A displaying no detectable activity. Additionally, the conserved T281 and S284 

mutants had very low activity when mutated to alanine. This reduction in activity may 

indicate the importance of these residues. Of the non-alanine mutants, M183Q did not 

express and no activity was measured. Interestingly, the T179V mutation afforded a ~2-fold 

increase in KirCII 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 KirCII. Similarly, M277V also showed a similar 

activity to the wild-type enzyme. This result suggests that the ethyl-AT convergent sequence 

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

could be targets for further mutagenesis to alter KirCII substrate specificity.  

  

Figure 17. KirCII mutant screening. The azido ñclickò assay was used to assess the 

activity of 17 KirCII mutants with azidoethylmalonyl-CoA and ACP5
Kir

. The fluorescent 

signal was normalized to WT KirCII and is presented 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 KirCII 

under the standard ñclickò assay conditions, Thr-179 was further investigated. A T179X 

saturation library (where X = every other canonical amino acid) was created by site-directed 

mutagenesis. Every expected substitution was identified by DNA sequencing of plasmids 

prepared from the library members. Each mutant was expressed, purified, and evaluated 

using the azido ñclickò assay (Figure 18). Several mutations, T179C, T179I, and T179M, 

were identified with increased azidoethylmalonyl-CoA activity, compared to the wild-type 

KirCII. When compared to the WT activity, the original T179V mutation (inspired by 

sequence analysis) supported the highest activity of the twenty saturation library members. 

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

chains.  

 

Figure 18. KirCII T179X screening.  The azido ñclickò assay was used to assess the activity 

of KirCII T179X mutants with azidoethylmalonyl-CoA and ACP5
Kir

. The fluorescent signal 

was normalized to WT KirCII and is presented as percent WT activity.  
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To complement the end-point in-gel assay and to estimate any improvement of the 

initial rate of the T179V mutant, a time-course experiment was setup. The ñclickò assay was 

repeated as before, but aliquots were taken every minute for six minutes. The data revealed 

that the initial acylation rate of the T179V mutant was approximately 2-fold higher compared 

to the WT KirCII, using 100 µM azidoethylmalonyl-CoA (Figure 19). This result agrees 

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

` 

Figure 19. Time course analysis of T179V. A time course assay was used to determine the 

initial rate enhancement of the KirCII T179V mutant. Reaction aliquots were taken every 

minute, which were ñclickedò with DIBO
647

 and analyzed by in-gel fluorescence. 

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 kinetics 

 Though the ñclickò assay was extremely useful for identifying active KirCII mutants 

and investigating initial rate enhancements, obtaining a full kinetic profile via the ñclickò gel 

assay could be difficult. Recently, a continuous, coupled enzyme assay was used to 

investigate the kinetics of several acyltransferases, including KirCII (Figure 20).
85
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release of coenzyme A (CoASH), which is catalyzed by the AT, is coupled to the formation 

of reduced nicotinamide adenine dinucleotide (NADH) by Ŭ-ketoglutarate dehydrogenase 

(ŬKGDH).  

 

Figure 20. AT coupled enzyme assay. In the presence of acyl-CoA extender unit, the 

acyltransferase self-acylates and releases CoA, which is coupled to NADH production by 

ŬKGDH. If no ACP is present, the extender unit can be hydrolyzed and another acyl-CoA 

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

load another acyl-CoA unit. 

The coupled enzyme assay was first validated using KirCII, ACP5
Kir

, and 

ethylmalonyl-CoA. The assay signal was dependent on the presence of both the AT protein 

and acyl-CoA substrate (Figure 21), and no activity was observed unless all components of 

the coupled reaction mixture were present (data not shown). In the presence of ACP5
Kir

, the 

NADH conversion rate increased by five-fold, 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 over time. After further 

investigation, the non-linearity of the calibration curve is caused by NADH signal drift 

overtime. This may be due to hydrolysis of succinyl-CoA, which would release additional 

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 calibration curve was 

used as a substitute for the CoA curve. 

 

Figure 21. KirCII coupled assay controls. Using the CoA release coupled assay, WT 

KirCII hydrolysis and acylation activity was measured. Controls reactions without enzyme 

were used to evaluate the background fluorescent signal. 

Using the coupled enzyme assay, WT KirCII and T179V acylation rates were 

analyzed using several substrates. Methyl, ethyl, allyl, propargyl, and azidoethyl malonyl-

CoAs were prepared (Figure A1) and used in the coupled enzyme assay with the same 

conditions as the ñclickò assay. Using assumed saturating substrate conditions, the resulting 

reaction velocities likely approximate the Vmax. Compared to wild-type KirCII, T179V 

showed improvements with three of the substrates: ethyl (1.9x), allyl (1.4x) and azido (1.5x) 

(Table 1 and Figure 22). The rate of the T179V acylation with the propargyl substrate was 

unchanged, while the methyl extender unit was not accepted by either enzyme. The azido 

results are in agreement with the ñclickò assay improvement data from section 2.2.4. Full 
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kinetic parameters will need to be determined to fully characterize the specificity of the 

T179V mutant. Regardless, our initial results suggest that the T179V mutant is the first 

mutant trans-AT with improved activity with a variety of malonyl-CoA substrates. 

Table 1. KirCII T179V initial rate improvement.  

 

T179V Initial Rate I mprovement 

Ethylmalonyl-CoA 1.90 

Allylmalonyl-CoA 1.36 

Propargylmalonyl-CoA 1.05 

Azidoethylmalonyl-CoA 1.50 

Methylmalonyl-CoA ND 

 

 

 
Figure 22. KirCII WT and T179V coupled assay kinetics. Using the coupled enzyme 

assay, the initial reaction velocity of the KirCII T179V mutant was compared to the wild-

type enzyme using a series of extender units.  
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2.2.6 Homology modeling and molecular dynamics simulations 

Since a crystal structure for KirCII is not available, a homology model was 

constructed to better understand the importance of the T179 residue (Figure 23 and Figure 

24A). Using the crystal structure of DEBS (deoxyerythronolide B synthase) AT3 (PDB 

2QO3), homology models were created for KirCII WT, T179V, and T179S (work by Edward 

Kalkreuter).
86

 These models were in agreement with a previously published KirCII homology 

model.
87

 

 

Figure 23. Docking model of KirCII and ACP5
Kir

. The docking model was created from 

homology modeling after 10 ns of MD simulations. KirCII linker domain shown in green, the 

large subdomain of KirCII is tan, the small subdomain is purple and ACP5
Kir

 is shown in 

blue. 
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 The T179 residue is situated outside of the active site pocket, and it makes up part of 

a beta sheet in the Ŭ/ɓ-hydrolase large subunit, placing it in close proximity to serine 314 

(~5.7 ¡ CŬ-CŬ) and valine 93 (~4.9 ¡ CŬ-CŬ; Figure 24B). The threonine side 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 subtle structural changes as S314 is 

responsible for four additional hydrogen bonds near the rear of the active site cavity (Figure 

24C). Conversely, substitution with serine (T179S) and loss of the hydrophobic interaction 

with V93 afford a large shift in the global protein structure, especially in the ferredoxin-like 

small subunit (Figure 24D). Because the small subunit is important for ACP5 binding, this 

likely explains the loss of activity with T179S. Additionally, since 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 KirCII:ACP5 interaction. Unfortunately, due to the transient 

nature of this protein:protein interaction, Kd values are difficult to measure, and exploration 

of the role of T179V awaits further analysis.  
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Figure 24. KirCII homology model of wild -type, T179V and T179S. Protein models were 

created from homology modeling after 20 ns of MD simulations A) Wild-type. B) T179V. C) 

WT/T179V overlay. D) WT/T179S overlay. 

2.3 Conclusions 

A ñclickò chemistry based cycloaddition assay was developed for the screening of 

acyltransferase. The assay was used to initially screen 17 different KirCII mutants. Of those 

mutants, two mutants (T179V and T179V/M183Q) showed improved activity with the azido 
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extender unit. Residue 179 was further investigated by saturation mutagenesis. After ñclickò 

screening, three more mutants were discovered with improved activity (T179C, T179I, and 

T179M). The most active mutant T179V had an initial rate 2-fold higher than the wild-type 

KirCII (based on a time-course experiment). T179V was further investigated using a coupled 

enzyme assay to measure ACP5
Kir

 acylation rates with other acyl-CoA extender units. These 

experiments were in agreement with the ñclickò assay showing improvements with the azido 

substrate as well as two others. A homology model was created to better understand the 179 

residue, which suggested that position may affect ACP5
Kir

 binding. 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 

Unless otherwise stated, all materials and reagents were of the highest grade possible 

and purchased from Sigma-Aldrich (St. Louis, MO). Isopropyl ɓ-D-thiogalactoside (IPTG) 

was from Calbiochem (Gibbstown, NJ). Bacterial strains of Escherichia coli Top10 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 cloning 

All primers were ordered from Integrated Technologies (see Appendix A for list of 

primers). All plasmid identities were confirmed by DNA sequencing (Genewiz Inc.). The 

genes for MatB T207G/306I, KirCII, Sfp, and ACP5
Kir

 were previously cloned into E. coli 

expression plasmids.
81, 88

  

 

2.4.3 Site-directed mutagenesis 

This site-directed 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 the parameters in (Table 2). After 

cycling DpnI (1 µL) was added to each reaction and incubate at 37 °C for 4 hours. 10 µL of 

reaction mixture was transformed into Top10 E. coli cells and plated on the proper antibiotic 

plate. The KirCII T179X saturation library was prepared using NNK primers CL210/CL211. 

KirCII alanine mutants were prepared using primers CL244-CL253 and CL256-CL265. 

KirCII M183Q was previously prepared by Dr. Irina Koryakina (unpublished results). KirCII 

M277V/M183Q, and KirCII M277V were prepared using primers CL254/CL255 and 

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

 

2.4.4 Protein expression and purification  

Expression and purification of MatB T207G/M306I, KirCII, Sfp, apo-ACP5
Kir

, holo-

ACP5
Kir

 were performed as previously described.
81, 88

 KirCII 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 phosphate (pH 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 using Amicon Ultra centrifugal filters 

and exchanged into 50 mM Tris-HCl pH 7.4 containing 100 mM NaCl and 10% glycerol 

(TNG). The protein was aliquoted and stored at -80 ęC. Protein purity was verified by SDS-

PAGE and protein concentration was measured by Bradford Protein Assay Kit. The masses 

of the purified proteins were confirmed by electrospray ionization mass spectrometry. The 

KirCII alanine and mutants were purified by batch purification using a Ni-NTA agarose 

protocol (5Prime). 

General Setup  Cycling 

DNA (50ng/µL) 1 µL 1 95 °C 2 min 

Ultra 10x Buffer 5 µL 2 95 °C 50 sec 

dNTPs (10 mM)  1 µL 3 60 °C 50 sec 

Fwd Primer (10 µM) 1 µL 4 68 °C 1.5 min/kb 

Rev Primer (10 µM) 1 µL 5 Repeat steps 2-4 for 29 cycles 

DMSO  3 µL 6 68 °C 7 min 

Water  37.5 µL 

Pfu Ultra 0.5 µL 

Total  50 µL 
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2.4.5 Malonic acid synthesis 

Synthesis of 2-(2-azidoethyl) malonic acid and 2-(prop-2-yn-1-yl)malonic acid were 

synthesized as previously described in the published procedure.
81 

All reagents used were 

commercially available and were of the highest purity available. The products were verified 

by proton NMR and mass spectrometry.  

.  

Figure 25. Synthesis of azidoethylmalonic acid. 

  

Figure 26. Synthesis of propargylmalonic acid. 

 

2.4.6 Chemoenzymatic synthesis of malonyl-CoA analogs 

Chemoenzymatic synthesis of malonyl-CoA analogs was performed in 500 µl of 

reaction mixture containing 100 mM sodium phosphate (pH 7), MgCl2 (2 mM), ATP (10 

mM), coenzyme-A (8 mM), malonate (10 mM)), and mutant MatB (20 Õg) at 25ęC 

overnight. Production of malonyl-CoA analogs was confirmed by HPLC and LC-MS. HPLC 

analysis was performed as described in Koryakina et al.
88

 

(1) (2) (3) 

(6) (7) 
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2.4.7 Copper catalyzed azide-alkyne cycloaddition assay 

For ñclickò reaction between 3 with alkyne rhodamine (4), 50 ɛM 3 and five-fold 

excess of alkyne rhodamine dye was used, sodium ascorbate (1 mM final concentration) was 

then added into the tube, followed by tris-(benzyl triazolylmethyl)amine ligand (TBTA) (100 

ɛM final concentration) and CuSO4 (1 mM final concentration). The mixture was allowed to 

react for 1 hour at room temperature. 

 

2.4.8 General procedure for KirCII assay 

KirCII assay was performed in 25 ɛL of reaction mixture containing 50 mM Tris-HCI 

(pH 7.5), 50 mM MgCl2, 100 ɛM azidoethylmalonyl CoA, 200 ɛM holo-ACP5
Kir

, and 0.5 

ɛM KirCII at room temperature for 30 min. 

 

2.4.9 Strain-promoted azide-alkyne cycloaddition assay 

The strain-promoted azide-alkyne cycloaddition assay was performed in a total 

volume of 8 µL and contained 6 µl of KirCII assay mixture and 2 µl of 250 nM of DIBO-

Alexa Fluor 647 (Life Technologies). The reaction was incubated in dark at room 

temperature with gentle agitation for 30 min. The reactions were boiled after addition of 2 µL 

of 5x protein loading dye for 5 min before analysis by SDS-PAGE. The gels were scanned 

using a Typhoon 7000 phosphoimager to determine the intensity of DIBO
647

-labeled proteins 

bands. The bands were quantified by ImageQuant TL software (GE Life Sciences), and the 

rubber-band background subtraction method was applied. 
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2.4.10 KirCII titration assay  

KirCII titration assay was performed in 25 ɛL of reaction mixture containing 50 mM 

Tris-HCI (pH 7.5), 50 mM MgCl2, 100 ɛM azidoethylmalonyl-CoA, 200 ɛM holo-ACP5
Kir

, 

and proper amount of KirCII at room temperature for 10 min. 6 ɛL of KirCII reaction 

mixture was then removed for strain-promoted azide-alkyne cycloaddition assay. 

 

2.4.11 KirCII time course assay 

KirCII time course assay was performed in 50 ɛL of reaction mixture containing 50 

mM Tris-HCI (pH 7.5), 50 mM MgCl2, 100 ɛM azidoethylmalonyl-CoA, 200 ɛM holo- 

holo-ACP5
Kir

, and 0.5 ɛM KirCII at room temperature. 6 ɛL aliquots were removed at 

different time points and frozen with a dry ice bath before being used for strain-promoted 

azide-alkyne cycloaddition assay. 

 

2.4.12 Enzyme coupled assay 

The coupled enzyme assay was adapted from Dunn et al.
85

 Assays were run in black 

96-well half area microtiter plates (Greiner Bio-one, Cat# 675075). NADH fluorescence was 

monitored using 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 was set to 

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) contained ACP5
Kir
, ŬKGDH, NAD+, TPP, 
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and Ŭ-ketoglutaric 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 

KirCII  prepared at twice its final concentration. All solutions were prepared in 50 mM 

sodium phosphate buffer, pH 7.6, 10% glycerol. Solutions were added to the wells in the 

following order: 25 ɛL of solution (1), 25 ɛL of solution (2), and 50 ɛL of solution (3), 

which initiated the reaction. Combination of solutions (1) and (2) prior to the start of 

measurement allowed any free Coenzyme A in the acyl-CoA stock to be consumed. Final 

assay concentrations were: 50 mM sodium phosphate, pH 7.6, 10% glycerol, 0.4 mU/ɛL 

ŬKGDH, 0.4 mM NAD+, 0.4 mM TPP, 2 mM Ŭ- ketoglutaric acid, 0.5 ɛM KirCII, 100 ɛM 

acyl-CoA, and 200 ɛM ACP5
Kir

. 

 

2.4.13 Homology model and simulations of KirCII, T179V and T179S 

Homology models for wild-type KirCII, KirCII T179V, and T179S were created 

using the I-TASSER online server.
89, 90

 Mutations were introduced into structurally-

converged wild-type models with Discovery Studio 4.1 (Accelrys Software, Inc.).
91

 

Molecular graphics and analyses of MD trajectories and PDB snapshots were performed with 

VMD 1.9.2 and UCSF Chimera 1.10.1.
92-94

 Further analysis was performed with 

CPPTRAJ.
95

 

Using the AMBER14 software package, individual modelsô charges were neutralized 

with Xleap.
96

 The enzymes were parameterized with ff12SB and GAFF force fields from the 

AMBER14 software package. Prior 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 20-100 ps each. The first nine steps held the protein fixed, 

with the restraint 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/molÅ¡ for the first two minimization steps and below 0.001 kcal/molÅ¡ for the 

remaining minimizations. Production simulations lasted between 30 ns and 100 ns for known 

mutants and WT models and 2 ns for predicted mutations. Step times were 2 fs. The non-

bonded interaction cut-off was imposed at 9.0 Å. 
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CHAPTER 3. Development of an Ultra-High-Throughput FACS Assay for 

Screening Polyketide Synthase Machinery 

 

3.1 Introduction  

One of the most studied modular type I PKSs is DEBS, which is responsible for the 

producing the erythromycin precursor 6-deoxyerythronolide B (6dEB). In this PKS six 

methylmalonyl-CoA specific modules harbor the requisite ACP, AT, and KS domain. Three 

additional domains are also present in some of the modules, ketoreductase (KR), 

enoylreductase (ER), and dehydrogenase (DH). The final 6-DEB product is released and 

cyclized by the thioesterase (TE) domain and then further modified to yield Erythromycin A 

(Figure 32). The chemical synthesis of Erythromycin A requires sixty-nine steps with a yield 

of less than 0.03%.
97

 Consequently, the ability to chemically synthesize combinatorial 

libraries of erythromycin analogs is equally as difficult. Bioengineering approaches to 

production of these libraries has become increasingly popular.
98

 Through different 

approaches, such as domain substitution and module swapping, in some cases new 

polyketides have been generated, but generally at a much reduced yield.
99, 100

 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, multi-modular mega-enzyme complexes such as PKSs. One avenue 

to solving these issues is through protein engineering platforms such as directed evolution. 
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Figure 27. Biosynthesis of 6dEB by 6-deoxyerythronolide B synthase. The propionyl 

starter unit is incorporated by the loading domain. Methylmalonyl-CoA units are added by 

each module to extend the polyketide chain. After module 6 the chain is cyclized by the TE 

domain to yield 6dEB, which undergoes five post-biosynthetic modifications to yield 

Erythromycin A. 

3.1.1 Directed evolution 

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

to alter enzyme activity.
75

 Unlike other protein engineering methods, directed evolution 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 mutant enzymes with new or improved 

activity (Figure 28). 

 

Figure 28. Directed Evolution. A gene is diversified by mutagenesis to create a library of 

genes, which are expressed into proteins. The protein library is then 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 or select for 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 pair. One drawback to microtiter based 

assays is that even with robotic automation, only up to 10
4
 library members can be analyzed 

per day. While this may be sufficient for simple structure-guided mutagenesis libraries, 

important mutations, such as unpredicted allosteric sites, can be easily missed with small 

library sizes.
101

 Often, multiple synergistic mutations are required to generate new activities, 
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thus library sizes can be quite large. Techniques such as error prone PCR can generate > 10
9
 

library diversity, but robust screening/selection methods are needed to cover the large 

sequence space.
102

 

Many elegant ultra-high-throughput strategies have been recently developed to screen 

large mutagenesis libraries, but unfortunately none of these have been applied to individual 

PKS machinery.
103

 More general strategies are needed for enzyme groups that are difficult to 

engineer, such as PKS acyltransferases. Because enzyme-catalyzed acyl transfer is not 

fluorescent or chromogenic, it is quite difficult to screen for this activity. To address this 

general challenge, recent approaches have explored enzyme display platforms such as yeast 

display.
77, 104-106

  

 

3.1.2 Yeast surface display 

Yeast surface display (YSD) allows for the expression of a target protein on the cell 

surface via a fusion to an anchor protein. The yeast cell provides a platform for displaying 

the phenotype of a protein while maintaining the genotype link inside the cell. YSD was 

originally developed to screen libraries of antibodies against new antigens.
104

 The initial 

design fused a target polypeptide to Ŭ-agglutinin protein Aga2 (Figure 29). The Aga2 fusion 

is secreted outside of the cell and is anchored to the Aga1 protein via disulfide linkages. 

Yeast cells were incubated with a fluorogenic 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 secreted outside of the cell 

and anchored to the Aga1 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 binding proteins, only a 

very small number of examples employ YSD for directed evolution of enzymatic activity.
77, 

106, 107
 For example, DhbE, the adenylation domain from the bacillibactin NRPS, was recently 

subjected to directed evolution by YSD. The strategy leveraged binding affinity of 

bisubstrate analogue probes to identify mutants with improvements in specificity towards 

several non-natural substrates. The incredible throughput of this approach was utilized by 

fully randomizing four active site residues, providing a theoretical library size of 1.6x10
5
. 

Although this is a very elegant strategy, it cannot be applied to other enzymes including 

PKSs. 

Inspired by this challenge, we have proposed a novel PKS directed evolution strategy 

using yeast surface display (Figure 30). PKS machinery can be displayed on the cell surface 
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as a fusion to Aga2. The initial design will rely on the transfer of reactive functionalized 

substrates. Accordingly, enzyme-catalyzed acyl-transfer can then be detected by incubation 

with the corresponding reactive fluorophore and sorted by Fluorescence Activated Cell 

Sorting (FACS). Only successfully acylated cells will remain.  

To this end, we aim to validate this strategy by combining the proposed yeast display 

strategy with the ñclickò chemistry screen developed in Chapter 2. A single display plasmid 

system was created to display ACPs on the yeast cell surface (Figure 31). This system was 

used to optimize and validate the detection of the transfer of ñclickò modified acyl extender 

units (Figure 32).  
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Figure 30. Yeast display evolution scheme. A library of mutant enzymes is displayed on 

the yeast cell surface. 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 handle can be 

fluorescently labeled via a bioorthogonal reaction. FACS will be used to separate the active 

from inactive enzymes. Yeast cells containing active mutants can be pooled, re-grown, and 

analyzed. Subsequent rounds of screening and/or mutagenesis can be used to improve 

activity. 

 



52 

 

 

Figure 31. ACP yeast display plasmid. The ACP (green) is displayed as a fusion to Aga2 

with a c-terminal c-Myc tag (red). 

 

Figure 32. ACP yeast display strategy for detection of azido-acylation. 
Azidoethylmalonyl-CoA is used to enzymatically acylate the displayed ACP. An alkynyl 

fluorophore is used to detect the azide transfer via the ñclickò reaction. Labeled cells can then 

be analyzed by FACS. 
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3.2 Results and Discussion 

3.2.1 In vitro  labeling of ACP6
DEBS 

As an initial proof-of-principle, the promiscuous protein labeling tool Sfp 

phosphopantetheinyl transferase (see methods) was used to transfer azidoethylmalonyl-CoA 

to ACP6
DEBS

 (i.e. the ACP from module 6) from DEBS (Figure 33). The reactions were 

analyzed by SDS-PAGE and densitometric analysis of the Coomassie and DIBO-stained gels 

(633 nm), respectively (Figure 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. Low-level 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 using Cu-free ñclickò 

chemistry to detect ACP-displayed azido-modified malonate analogues. 

 

Figure 33. Sfp labeling of ACP6. Sfp catalyzes the transfer of azidoethylmalonyl-CoA to a 

conserved serine of ACP6. DIBO
647

 is ñclickedò with the azide to fluorescently label ACP6. 
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Figure 34. ñClickò labeling of ACP6. A) Coomassie stained SDS-PAGE of azido modified 

ACP6
DEBS

 ñclicked" with DIBO
647

 (left) and the same gel imaged with at 633 nm (right). B) 

Deconvoluted mass spectrum of azido-acylated ACP6
DEBS

 ñclickedò with DIBO
647

. The 

11784.98 peak corresponds to azido-acylated ACP6. The 12946.19 (+1161.21) corresponds 

to the addition of DIBO
647

. 

3.2.2 Cloning and expression of yeast display plasmid pCTCON 

In order display the ACP6
DEBS

 protein on the yeast cell surface via Aga2, the 

ACP6
DEBS

 gene was cloned into the yeast display plasmid pCTCON at the C-terminus of the 

Aga2 protein, providing the vector ACP6-pCTCON (see methods for experimental details). 

A C-terminal c-Myc tag was also included at the terminus of ACP6
DEBS

 to allow verification 

that the full-length protein was displayed. To test this, ACP6-pCTCON was transformed into 

EBY100 cells and protein expression was induced by the addition of galactose. The c-Myc 

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
DEBS

 protein on the cell surface (Figure 35). Similarly, ACP6
DEBS

 labeled yeast cells 

were analyzed and subsequently distinguished from non-expressing yeast by FACS (Figure 

36). Only yeast cells displaying full-length ACP6
DEBS

/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 30-90% depending on the protein. Optimization of 

expression conditions can significantly improve amount of displayed protein.  

 

 
Figure 35. Confocal microscopy of yeast cells expressing ACP6

DEBS
 on the cell surface. 

A) Imaged at 488 nm. B) Bright field image. C) Overlay of the 488 nm image and the bright 

field image.  

          

Figure 36. FACS analysis of yeast displayed ACP6
DEBS

. Yeast cells displaying ACP6
DEBS

 

with a c-terminal c-Myc tag were coupled with AlexaFluor 488 secondary antibody. A) 

General display scheme. B) Histogram overlay of unexpressed (blue) and expressed cells 

(green). 

A) B) C) 

A) B) 
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3.2.3 Detection of azido-acylation of ACP6
DEBS

 displayed cells 

Next, attention was turned to demonstrating that surface-displayed ACP6
DEBS

 could 

be used to report acylation of an azido-modified malonyl-CoA analogue. With ACP6
DEBS

 

displayed on the cell surface, the promiscuous phosphopantetheinyl transferase, Sfp, was 

used to catalyze the transfer of the phosphopantetheinyl acyl-moiety of azidoethylmalonyl-

CoA to the carrier protein. Sfp has been shown to quickly and efficiently transfer CoA-linked 

substrates to a variety of ACPs. Azidoethylmalonyl-CoA and Sfp were added to ACP6
DEBS

 

displayed cells and allowed to react for 1 hour. The cells were then treated with the DIBO
647

 

for ligation and subsequent detection of the azido group. The cells were washed and analyzed 

by confocal microscopy.  

Initially, due to the known fast rate of the Cu-catalyzed azide-alkyne Huisgen 

cycloaddition reaction, the Cu-mediated conjugation of the alkyne fluorophore was used to 

establish whether the azide had been installed onto the yeast displayed ACP6
DEBS

. Although 

copper is known to be toxic to cells at high concentrations, some reports of Cu-catalyzed 

ñclickò reactions have been successful.
108, 109

 Unfortunately, the treatment with the Cu-

reagents induced cell lysis (data not shown). 

Since the Cu-catalyzed ñclickò reaction appeared to be too toxic for cell surface azide 

detection, a new approach was developed. The Cu-free strained cyclooctyne DIBO
647

 

(LifeTechnologies) was used to detect azide incorporation (Figure 37A). Gratifyingly, since 

the DIBO reagent is non-toxic, the cells did not adsorb the fluorophore (Figure 37B). There 

is a distinct fluorescence intensity difference in cells treated with both Sfp and 

azidoethylmalonyl-CoA versus cells treated with only azidoethylmalonyl-CoA. Further 



57 

 

analysis by flow cytometry revealed some cells not expressing ACP6
DEBS

 were also labeled 

with the DIBO reagent (Figure 37C and Figure A4). Clearly, the DIBO
647

 was causing 

some degree of background labeling that needed to be further minimized to improve the 

sensitivity of the assay. 

 

 

Figure 37. Analysis of DIBO
647

 ñclickò reactions. A) Yeast cells displaying ACP6
DEBS

 

were reacted with Sfp and azidoethylmalonyl-CoA, then with DIBO
647

. Negative control, 

yeast cells displaying ACP6
DEBS

 incubated only with azidoethylmalonyl-CoA, then ñclickedò 

with DIBO
647

. B) Confocal microscopy of yeast cells at 647 nm. C) FACS scatter plots of the 

yeast cells. The x-axis (488 nm) corresponds to ACP6
DEBS

 expression via the c-Myc tag and 

the y-axis (647 nm) corresponds to the DIBO
647

 signal. 

+ Sfp - Sfp

B) 

A) 

C) 
ACP6DEBS +Sfp

ACP6DEBS -Sfp
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3.2.4 Optimization of labeling strategy 

To further develop the YSD assay, the azide detection method was optimized to 

reduce background and maximize the labeling efficiency. Since the DIBO reagent is not cell 

permeable, the background labeling was hypothesized to be a combination of non-specific 

binding of the fluorophore to the cell surface and non-desired reactions between the cell 

surface proteins and the cyclooctyne. Optimization of the buffer conditions as well as the 

addition of BSA to the labeling buffer reduced the background labeling by two-fold (Figure 

A5). With the non-specific binding reduced, the non-desired cyclooctyne reactions were 

investigated. Though cyclooctynes, including the commercial DIBO reagents, are reported to 

be bioorthogonal, there is evidence to suggest cyclooctynes can readily react with thiols 

(Figure 38A).
110

 Because yeast cells contain an abundant amount of surface exposed 

cysteines, the addition of iodoacetamide (IAM) was evaluated to block the potential thiol-yne 

reaction. The IAM significantly reduced the background and when combined with the 

optimized buffer conditions yielded an approximate six-fold decrease in background signal 

(Figure 38B). 
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Figure 38. Optimization of DIBO
647

 background. A) The unwanted thiol-yne reaction can 

be prevented by the addition of iodoacetamide. B) Effect of BSA and IAM in reducing 

background of DIBO
647

 labeling. Mean fluorescence 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 data, this assay cannot 

be evaluated using traditional screening metrics such as the Z-factor. Additionally, the 

ultimate success of most FACS experiments is dependent on the ability to gate and collect 

sub-populations that contain little or no false positives. A modified signal to background 

calculation was used to evaluate improvements in the assay: 
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Equation 1:  S/B=
Gated Signal

Gated Background
 

This modified S/B equation was used to evaluate varying conditions to improve the 

success of the overall assay. After 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).  

 

 

 

Figure 39. Optimized DIBO
647

 labeling. ACP6
DEBS

 displayed yeast cells labeled with Sfp 

using the optimized DIBO
647

 and IAM conditions. A) FACS analysis of labeling reactions. 

The x-axis (488 nm) corresponds to ACP6
DEBS

 expression via the c-Myc tag and the y-axis 

(647 nm) corresponds to the DIBO
647

 labeling signal. 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/B was 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 alternative 

cyclooctynes. It has been shown that a ~ 10x rate improvement is possible when the 

heteroatom is changed to nitrogen.
111

 The commercially available dibenzoazacyclooctyne-

fluorescein (DBCO
488

) was tested in comparison to the DIBO
647

. Unfortunately, no labeling 

was detected with the new cyclooctyne (Figure A9). Additional cyclooctyne variations are 

known, such as biarylazacyclooctynone (BARAC), but are not commercially available and 

require multiple step syntheses.  

An alternative secondary labeling strategy was proposed to boost the labeling signal 

(Figure 40). DIBO
647

 was replaced with DIBO
Biotin

, which can be coupled with a streptavidin 

conjugate, Streptavidin Phycoerthyrin (SA-PE). This strategy is beneficial in several ways. 

First, the secondary labeling reduces non-specific labeling of the fluorophore. 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 allows for variety of 

streptavidin conjugates to be used including magnetic streptavidin beads for magnetic cell 

sorting.  
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Figure 40. Secondary labeling strategy. Yeast cells displaying ACP6
DEBS

 were reacted with 

Sfp and azidoethylmalonyl-CoA. The azido labeled cells are further reacted with DIBO
Biotin

 , 

which can be secondary labeled with SA-PE. 

With the introduction of the SA-PE labeling strategy, the overall labeling efficiency 

was dramatically enhanced, which resulted in a 5x improvement in S/B (Figure 41). After 

further optimization of the SA-PE labeling (Figure A10 and Figure A11), the S/B was 

improved to ~1000 fold over the original DIBO
647

 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). 

 

Figure 41. Optimized DIBO
Biotin

/SA-PE labeling. FACS analysis of ACP6
DEBS

 displayed 

yeast cells reacted with Sfp and azidoethylmalonyl-CoA using the optimized DIBO
Biotin

/SA-
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PE labeling conditions. The x-axis (647 nm) corresponds to ACP6
DEBS

 expression via the c-

Myc tag and the y-axis (PE) corresponds to the labeling signal. The control reaction did not 

contain Sfp. 

Table 3. Optimization of YSD assay.  

 

 

3.2.5 Labeling of DEBS Module 6 and other alternative ACPs 

With the assay fully optimized, the versatility of the YSD system was evaluated. The 

ability to display other polyketide enzymes and even full modules would be extremely 

valuable. DEBS module 6 (Mod6
DEBS

), Mod6
DEBS
ȹKS, and Mod6

DEBS
ȹKSAT were cloned 

into pCTCON and displayed 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 of c-Myc tag, which appeared to decrease with increasing 

protein size. However, only ACP6
DEBS

 and the KR-ACP6
DEBS

 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. 

Optimization 

Step
Buffer

BSA 

(mg/ml)

IAM 

(mM)

DIBO647 

(µM)

DIBO Biotin 

(µM)

Labeling Time 

(min)

Gated 

Signal 

Gated 

Background
S/B

1 Tris 0 0 5 - 30 3.13 0.85 3.68

2 Tris 1 10 2.5 - 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 
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Figure 42. Labeling of DEBS Module 6. FACS analysis of DEBS Module 6 displayed yeast 

cells reacted with Sfp and azidoethylmalonyl-CoA using the optimized DIBO
Biotin

/SA-PE 

labeling conditions. The x-axis (647 nm) corresponds to ACP6
DEBS

 expression via the c-Myc 

tag and the y-axis (FL2-H) corresponds to the PE labeling signal. 
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To show that this strategy further extends to a variety of ACPs including non-PKS 

carrier proteins, several other ACP-pCTCON constructs were created. The genes for ACP2 

from the second module of DEBS (ACP2
DEBS

), ACP5 from the fifth module of the 

kirromycin PKS (ACP5
Kir

), ACPp from E. coli fatty acid synthase (ACPp
FAS

), and ACP1 

from the first module of fluvirucin synthase (ACP1
Flu)

 were cloned into pCTCON and 

successfully transformed and expressed on the yeast cell 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 ACPs is likely due to 

the difference in expression conditions as well as the gate settings during analysis. In the case 

of ACP2
DEBS

 the 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. 

 

 

3.2.6 Mock enrichment experiments 

With the assay fully optimized and validated with a set of diverse ACPôs, the ability 

to sort azido-acylated cells was tested. A mock sort was designed, whereby WT ACP6
DEBS

 

yeast cells were diluted with cells displaying an ACP6
DEBS

 knockout mutant. The ACP6
DEBS

 

ACP Gated Signal 
Gated 

Background
S/B

ACP5 Kir 53.79 0.07 768.43

ACPp FAS 69.88 0.2 349.40

ACP2 DEBS 81.2 1 81.20

ACP1 Flu 28.6 0.6 47.67



66 

 

catalytic serine (S45) was converted to alanine, which prevents phosphopantetheinylation 

and subsequent transfer of the azide. WT ACP6
DEBS

 cells were diluted at 1:100 and 1:1000 

with ACP6
DEBS

KO 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 and inactive enzymes in typical directed 

evolution experiments. After isolation of the DNA the enrichment values were calculated. In 

both mixtures, the WT ACP6
DEBS

 gene was completely enriched (Figure 43, Figure A14, 

and Figure A15). Because twenty colonies were sequenced and no ACP6
DEBS

KO was found, 

a minimum enrichment factor was calculated assuming at least four knockouts per one 

hundred colonies. This resulted in a minimum enrichment 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. ACP5
Kir

 was 

diluted with the corresponding alanine knockout, S63A (ACP5
Kir

KO). WT ACP5
Kir

 was 

significantly enriched when labeled using Sfp, but not completely enriched due to the less 

conservative gating (Figure A16). These results collectively suggest that this assay can be 

used to enrich yeast cells displaying azido-acylated ACPs from mixtures containing 

predominantly yeast displaying inactive (non-acylated) variants. 

Equation 2:  Enrichment Factor (EF)=

WT 

KO 
post sort

WT

KO 
pre sort
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Figure 43. Mock sorting experiment. WT ACP6
DEBS

 yeast cells were diluted with a 

knockout variant and reacted with Sfp and azidoethylmalonyl-CoA. The cells were labeled 

using the optimized assay, and sorted by FACS. The gated cells (R3) were collected and the 

plasmid DNA was recovered and sequenced. Enrichment factor values were calculated based 

off the minimum possible number of ACP6
DEBS

KO plasmids recovered. The x-axis (Alexa 

647) corresponds to ACP6
DEBS

 expression via the c-Myc tag and the y-axis (PE) corresponds 

to the PE labeling signal. 

3.3 Conclusions 

In an effort to expand the throughput of screening polyketide synthase machinery, the 

ñclickò chemistry strategy proposed in Chapter 2 was applied to YSD. The ACP6 gene from 

DEBS was cloned into a yeast display plasmid, which allowed for robust expression on the 

cell surface. Using the promiscuous phosphopantetheinyl transferase, Sfp, the ñclickò 

chemistry labeling was fully optimized, which resulted in excellent azide detection. This 

assay was further applied to other carrier proteins including non-PKS ACPp from the E. 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. 

0.10%

ACP6DEBS 1:1000 Sort

0.90%

EF = 24000 EF = 2400

ACP6DEBS 1:100 Sort
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Furthermore, this ñclickò assay can be generally applied to all enzymes and proteins which 

transfer or accept ñclickò chemistry modified substrates. 

 

3.4 Methods 

3.4.1 General cloning 

All primers were ordered from Integrated Technologies (see Appendix A for list of 

primers). The genes for Sfp, ACP6
DEBS

, ACP2
DEBS

, ACP5
Kir

, ACPp
FAS

, Mod6
DEBS

 were 

previously cloned into E. coli expression plasmids.
81, 87, 112

 The FluACP1 plasmids was a 

kind gift from Nathan Schnarr (University of Massachusetts, Amherst). Plasmids identities 

were confirmed by DNA sequencing (Genewiz Inc.).  

 

3.4.2 Yeast plasmid cloning 

All ACP genes were PCR amplified with NheI/BamHI restriction sites using primers 

CL54/CL55 (ACP6
DEBS

), CL206/CL207 (ACP2
DEBS

), CL43/CL44 (ACP5
Kir

), CL144/CL145 

(ACPp
FAS

), CL193/CL203 (ACP1
Flu

), CL102/CL105 (Mod6
DEBS

), CL103/CL105 

(Mod6
DEBS
ȹKS), CL104/CL105 (Mod6

DEBS
ȹKSAT), and subcloned in the yeast display 

plasmid pCTCON, as an Aga2 fusion. pCTCON was a kind gift from Balaji Rao (North 

Carolina State University). pCTCON was sequenced with primers CL71 and CL72.  



69 

 

 
Figure 44. Plasmid design of pCTCON 

3.4.3 Site-directed mutagenesis of ACPs 

Site-directed mutagenesis was performed as described in section 2.4.3. Using the 

ACP6-pCTCON construct above, an alanine knockout mutant ACP6
DEBS

 S45A 

(ACP6
DEBS

KO) was created using primers CL148 and CL149. Similarly, ACP5-pCTCON 

was used as a template for site-directed mutagenesis. Primers CL148/CL149 were used to 

make the alanine knockout mutant ACP5
Kir

 S63A (ACP5
Kir

KO). 

 

3.4.4 Protein expression and purification 

Sfp was expressed and purified as previously described in section 2.4.4. 

 

3.4.5 Chemoenzymatic synthesis of malonyl-CoA analogs 

Azidoethylmalonyl-CoA was prepared as previously described in section 2.4.6.  
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3.4.6 Yeast strains and transformation 

Saccharomyces cerevisiae strain EBY100 was used for all experiments. EBY100 

contains a stably integrated Aga1 gene, which is under the control of the GAL promoter. 

Individual plasmids were transformed into EBY100 cells using EZ Transformation II (Zymo 

Research). Plasmid DNA was harvested from yeast cells with the Zymoprep Yeast Miniprep 

II kit (Zymo Research). Yeast cell frozen stocks were prepared with the addition of glycerol 

(20% final concentration) and stored at -80 °C.  

 

3.4.7 General yeast materials and methods 

All solutions were filter sterilized with a 0.2 µm filter and stored at 4 °C unless 

otherwise specified. 

YPD (Yeast Peptone Dextrose) Media- 10 g/L yeast extract, 20 g/L peptone and 20 g/L 

dextrose in deionized H2O (autoclave sterilize). 

SDCAA Media- 20 g/L dextrose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 5.4 g/L 

Na2HPO4, 8.6 g/L NaH2PO4·H2O in deionized H2O. 

SDCAA Media pH 4.5- 20 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 in deionized H2O. 

SGCAA Media- 20 g/L galactose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 5.4 g/L 

Na2HPO4, 8.6 g/L NaH2PO4·H2O in deionized H2O. 

SDCAA plates- First dissolve 5.4 g Na2HPO4, 8.6 g of NaH2PO4·H2O, 182 g sorbitol and 15 

g agar in 900 ml deionized H2O and autoclave. Also dissolve 20 g dextrose, 6.7 g yeast 

nitrogen base and 5 g casamino acids in 100 ml deionized H2O separately and filter sterilize 
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with a 0.2-ɛm filter. Cool the autoclaved solution to 50 ÁC and add the filter sterilized 

solution.  

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

E buffer- 1M Sorbitol, 1 mM CaCl2 (autoclaved). 

Recovery Media- 1:1 mixture of 1 M sorbitol and YPD. 

PBS buffer- 8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2PO4, adjust pH to 7.4  

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

Tris bufferï 7.8 g/L TrisHCl, 5.8 g/L NaCl, adjust pH to 7.4. 

 

3.4.8 Antibodies and selection reagents 

Antibodies were used as described by the manufacturer. Cyclooctyne reagents were 

dissolved in DSMO to a final concentration of 2 mM; aliquots were wrapped in foil to protect 

from the light and stored at -20ęC. 

¶ Chicken monoclonal anti-c-Myc IgY (LifeTechnologies, A21281) 

¶ Mouse monoclonal ANTI-FLAG M2 (Sigma, F3165) 

¶ Mouse monoclonal Anti-HA IgG2bə (Roche, 12CA5)  

¶ AlexaFluor 488 donkey anti-mouse IgG (H+L) (LifeTechnologies, A21202) 

¶ AlexaFluor 488 goat anti-chicken IgY (H+L) (LifeTechnologies, A11039) 

¶ AlexaFluor 647 goat anti-chicken IgY (H+L) (LifeTechnologies, A21449) 

¶ DBCO 488 (Sigma, 760781) 

¶ Click-IT AlexaFluor 647 DIBO Alkyne
 
(LifeTechnologies, C-10408) 

¶ Click-IT AlexaFluor 647 DIBO Biotin (LifeTechnologies, C-10412) 
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¶ Streptavidin R-Phycoerythrin Conjugate (SAPE) (LifeTechnologies, S866) 

¶ Iodoacetamide (Sigma-Aldrich, I1149) 

¶ Propidium iodide (Sigma-Aldrich, 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 were used to inoculate SGCAA expression media, 

which contains galactose. The media was inoculated to an OD
600 

of 1.0 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 buffer to the desired density before use. Successful cell surface 

expression was checked using the C-terminal Myc antibody tag. Cell death was assessed by 

the addition of 10 µL of propidium iodide (10 µg/mL) to 1 mL of yeast cells (PI ex/em 

488/633 nm). 

For all FACS analysis experiments the FACSCalibur (BD) or the LSRII (BD) flow 

cytometers were used. Cells were resuspended in 1 mL of PBS-BSA buffer and analyzed. For 

cell sorting experiments the Dako Cytomation MoFlo was used. For all microscopy 

experiments a Zeiss LSM 710 laser scanning confocal microscope was used. Yeast cells were 

washed with PBS-BSA and diluted to 1x10
7
 cells/mL and 5 µL was added to a microscope 

slide and immediately imaged.  
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3.4.10 Labeling procedure and optimization  

In general, yeast cells containing the desired display plasmid were expressed as 

described above. 1x10
7
 cells were washed and resuspended in either Tris or PBS buffer 

(containing 5 mM MgCl2) containing Sfp and azidoethylmalonyl-CoA and agitated on a 

digital vortex mixer (Fisher Scientific) 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 c-Myc antibody (1:250 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 analyzed. For background labeling optimization, BSA (1 mg/mL) was added to 

the PBS buffer for the DIBO labeling and the subsequent steps. Sfp and azidoethylmalonyl-

CoA concentrations were varied from 1-100 µM and 5-500 µM, respectively. For IAM 

optimization, the cells were treated with varying concentrations 0-100 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 concentrations (0-5 µM) as 

well as varying times (0-120 minutes). For the alternative cyclooctyne experiments, 

DBCO
488

 was substituted for DIBO
647

 and the secondary antibody used to detect for protein 

expression was changed to AlexaFluor 647. For DIBO
Biotin

 experiments, the cyclooctyne was 

used as described above. The biotin was coupled to Streptavidin-PE (1:100 dilution) during 

the secondary antibody incubation. 
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3.4.11 Optimized yeast labeling protocol 

1) Measure OD
600

 of yeast cultures, aliquot to 1x10
7
 cells per reaction. Note: 1x10

7
 cells 

is ~ 1 mL of anOD
600

 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 µM Sfp, 50 µM acyl-CoA, and 5 mM MgCl2 for 

30 min and agitate. 

4) Wash cells in PBS and centrifuge. 

5) Resuspend cells in PBS with 100 mM iodoacetamide for 15 min and agitate. 

6) Wash cells in PBS-BSA and centrifuge. 

7) Resuspend in PBS-BSA with 4 µM DIBO
Biotin

 for 105 min and agitate. 

8) Wash cells twice and centrifuge. 

9) Resuspend cells in PBS-BSA with c-Myc primary antibody (1:250) for 30 min. 

10) Wash cells and centrifuge. 

11) Resuspend cells in PBS-BSA with Streptavidin -PE (1:100) and secondary 

AlexaFluor 647 antibody (1:250) for 30 min at 4 °C. 

12) Wash cells in PBS-BSA and centrifuge. 

13) Resuspend cells in 1-2 mL of PBS-BSA before FACS analysis. 

3.4.12 Expression and labeling of alternative ACPs 

ACP2
DEBS

, ACP5
Kir

, ACPp
FAS

, ACP1
Flu

, Mod6
DEBS

, Mod6
DEBS
ȹKS, and 

Mod6
DEBS
ȹKSAT were expressed and labeled using the optimized procedure. ACP5

Kir
, 

ACPp
FAS

, Mod6
DEBS

, Mod6
DEBS
ȹKS, and Mod6

DEBS
ȹKSAT were analyzed with the 

FACScalibur and ACP2
DEBS

/ ACP1
Flu

 were analyzed with the LSRII. 
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3.4.13 Mock sort experiment 

EBY100 cells containing ACP6-pCTCON and ACP6KO-pCTCON plasmids were 

expressed using the general expression protocol above. The expression time used was 36 

hours. The OD
600

 of the cells was measured and 1x10
8
 cells were aliquoted per tube. WT 

ACP6
DEBS

 was diluted 1:100 and 1:1000 with ACP6
DEBS

KO. The cells (along with controls) 

were washed and labeled using the optimized protocol. Approximately, 5-10 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 (containing 

1:100 Pen-Strep) and were grown for 72 hours at 30 ęC/250 rpm. Plasmid DNA was 

extracted from the cells and transformed into E. coli 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 from Actinomadura vulgaris is a type I PKS, which produces 

the anti-fungal/anti-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 

construction of Fluvirucin B1: malonyl-CoA (module 2 and 4), methylmalonyl-CoA (module 

3), and ethylmalonyl-CoA (module 1 and 5). Unpublished research from our lab (work by 

Irina Koryakina) has revealed that the didomain fragment FluKSAT1 (KS:AT didomain from 

module 1 of the Fluv PKS) is capable of transferring a variety of extender units onto ACP1
Flu

 

(Figure 46). Additionally, it has also been demonstrated that FluKS1AT1 was capable of 

loading ethylmalonyl-CoA onto ACP1
Flu

, ACP5
Flu

 and ACP6
DEBS

. This combination of acyl-

CoA and ACP promiscuity makes FluAT1 an attractive enzyme tool to diversify polyketides. 

One way to utilize FluAT1, is through trans-complementation (Figure 47). The excised 

FluAT1 can be used to trans-acylate non-cognate ACPs within other PKS modules that 

house site-directed inactivated cognate cis-ATs. 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 group.
47

 In general trans-complementation is limited by the lack of 

available acyltransferases, especially ones that utilize chemical diverse extender units. 
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Figure 45. Fluvirucin B1 biosynthesis.  

 

Figure 46. Malonyl-CoA specificity of FluAT1. FluAT1 was assayed with a panel of 

malonyl-CoA analogs using ACP1
Flu

. Conversions were determined by mass spectrometry. 
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FluAT1 was tested for the ability to trans-complement DEBS module 6 using the 

ethyl extender unit (Dr. Zhixia Ye, unpublished results). Unfortunately, this pseudo trans-

AT, as well as the minimal version (FluAT1ȹ) were unable to trans-complement Mod6. This 

could be due to poor AT:ACP interactions, which would need to be engineered to improve 

the acylation activity. Though there has been one report of reprogramming an AT:ACP 

interaction, a higher throughput strategy is needed to effectively engineer these 

protein:protein interactions.
87

 Because FluAT1 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 mutants (Figure 48). Our hypothesis is that 

screening for the transfer of azidoethylmalonyl-CoA will reveal mutant ACPs with improved 

acylation and specificity for FluAT1. Selected ACP variants can then be characterized using 

the DEBS module 6 trans-complementation system. 
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Figure 47. trans-complementation of DEBS with FluAT1. FluAT1 is used to trans-

complement DEBS module 6. FluAT1 canôt complement the WT ACP6
DEBS

 contained within 

the module. An engineered ACP6
DEBS

 could provide an alternative route to 6DEB analogs. 

 

 

Figure 48. FluAT1:ACP engineering yeast display strategy. Yeast displayed ACPs are 

first converted to the holo form by SFfp, which allows for azido-acylation by FluAT1. Azide 

transfer is detected by DIBO
Biotin

/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 of FluAT1 with azidoethylmalonyl-CoA, the in vitro ñclickò gel 

assay (from Chapter 2) was used to screen a variety of ACPs. For all experiments the 

truncated FluAT1ȹ, which lack the n-terminal and c-terminal linkers, was used (see 

methods). After acylation and the subsequent ñclickò detection, the reactions were analyzed 

by SDS-PAGE and densitometric analysis of the Coomassie and DIBO-stained gels, 

respectively. 

 

Figure 49. Evaluation of FluAT1ȹ activity with a variety of ACPs. Purified FluAT1ȹ 

(~35 kDa) was used to acylate several ACPs with azidoethylmalonyl-CoA. The azide transfer 

was detected by the ñclickò gel assay using DIBO647. The assay was analyzed by Coomassie 

stained SDS-PAGE (left) and in-gel fluorescence at 633 nm (right). ACP1
Flu

 (left), ACP6
DEBS

 

(middle), and ACP2
DEBS

(right). 

With the successful acylation of several ACPs by FluAT1ȹ and ñclickò detection, the 

previously developed yeast ñclickò strategy from chapter 3 can be easily applied to screening 

acyltransferase activity. After yeast protein expression the cells are first reacted with the 

enzyme Sfp and coenzyme-A to install the necessary phosphopantetheinyl (Ppant) arm and 
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convert the ACPs to the holo form. After successful installation of the Ppant arm, FluAT1ȹ 

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

the truncated FluAT1ȹ acyltransferase (and Sfp as a control), labeling reactions were set up 

with azidoethylmalonyl-CoA and the cognate ACP1
Flu

 as well as four other non-cognate 

ACPs (ACP2
DEBS

, ACP6
DEBS

, KRACP6
DEBS

 and ACP5
Kir

). After ñclickò detection using the 

optimized method (Chapter 3), the cells were analyzed by FACS (Figure 50 and Figure 

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

 

(albeit at a lower efficiency). Surprisingly, FluAT1ȹ did not show labeling with itsô cognate 

ACP1
Flu

 (as judged by comparison to a negative control). Since other ACPs exhibit excellent 

Sfp labeling, the lower Sfp labeling may indicate a more complex issue with the display of 

ACP1
Flu

. Encouragingly, all of the DEBS ACPs including the truncated KRACP6 construct 

showed low level labeling (2-7%). Though the percent labeling of ACP6
DEBS

 is quite low, the 

overall population was shifted in the PE channel, indicating significant labeling (Figure 51). 

Not surprisingly, ACP5
Kir

 labeling could not be detected, which agrees with the previous in 

vitro FluAT1ȹ labeling data.  

 



82 

 

 

Figure 50. FluAT1ȹ labeling of alternative ACPs. FACS analysis of ACP6
DEBS

, 

ACP2
DEBS

, and ACP5
Kir

 displayed yeast cells reacted with Sfp or FluAT1ȹ and 

azidoethylmalonyl-CoA and labeled using the optimized DIBO
Biotin

/SA-PE labeling 

conditions. The x-axis (APC-A) corresponds to ACP1
Flu

 expression via the c-Myc tag and the 

y-axis (PE-A) corresponds to the PE labeling signal. Control reactions did not contain  
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Figure 51. FluAT1ȹ labeling of ACP6

DEBS
. FACS histogram of FluAT1ȹ mediated 

labeling of ACP6
DEBS

/ACP6
DEBS

KO yeast cells. The x-axis (PE-A) corresponds to labeling 

signal and the y-axis corresponds to cell count.  

4.2.2 FluAT1ȹ mock enrichment experiment 

To investigate whether the rather low FluAT1ȹ activity with ACP6
DEBS

 was 

significant, a mock sort experiment was performed. WT ACP6
DEBS

 cells were diluted at 

1:100 and 1:1000 with ACP6
DEBS
KO and reacted with FluAT1ȹ using the previously 

described conditions. After labeling, the top 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 1,900 (Figure 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 yeast displayed ACPs. 

ACP6 KO

ACP6 

+FluAT1ȹ
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Figure 52. ACP6

DEBS
/FluAT1ȹ mock sort. WT ACP6

DEBS
 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 DNA was recovered and sequenced. Enrichment factor 

values were calculated from the sequencing results. For the 1:10 sort 19 WT and 1 KO 

plasmid(s) were recovered (EF = 1900). The x-axis (Alexa 647) corresponds to ACP5
Kir

 

expression via the c-Myc tag and the y-axis (PE) corresponds to the labeling signal. 

4.2.3 Yeast display linker improvement 

With evidence of successful FluAT1ȹ labeling of ACP6
DEBS

, we sought to improve 

the labeling efficiency using a modified linker construct. Protein expression and activity can 

both be significantly affected by modifying the Aga2 fusion protein linker.
113

 The gene for 

Linker 2, (G4S)2A(EAAAR)3, was subcloned in place of the normal (G4S)3 pCTCON linker 

to afford Linker2-pCTCON. The ACP6
DEBS

 gene was subcloned into Linker2-pCTCON and 

transformed into yeast cells. The yeast cells were expressed, labeled and analyzed by FACS. 

Interestingly, the Linker2 construct showed an increase in labeling for both Sfp and FluAT1ȹ 

(Figure 53). Linker2 was able to improve the FluAT1ȹ labeling by three-fold. With this 

encouraging result, the previously described ACP5
Kir

, which was not labelled by FluAT1ȹ 

on the yeast surface, was displayed using Linker2 and evaluated with FluAT1ȹ. 

Unfortunately, no labeling was observed with FluAT1ȹ and reduced labeling was observed 

0.11% 0.01%

EF = 1900 EF = N/A

ACP6 +FluAT1ȹ

1:100 Sort

ACP6 +FluAT1ȹ

1:1000 Sort
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for the Sfp reactions (Figure A18). This result suggests that linker optimization may be 

necessary for optimal protein display. Additionally, an optimal protein linker may not be 

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

 

 

Figure 53. FluAT1ȹ labeling of Linker2-ACP6
DEBS

 yeast cells. FACS analysis of 

ACP6
DEBS

 and ACP6
DEBS

Linker2 displayed yeast cells reacted with Sfp or FluAT1ȹ and 

azidoethylmalonyl-CoA and labeled using the optimized DIBO
Biotin

/SA-PE labeling 

conditions. The x-axis (APC-A) corresponds to ACP1
Flu

 expression via the c-Myc tag and the 

y-axis (PE-A) corresponds to the PE labeling signal. Control reactions did not contain 

enzyme. 

4.2.4 ACP6
DEBS

 library screening 

With the validation of FluAT1ȹôs ability to acylate ACP6
DEBS

 displayed yeast cells, 

the focus turned to using the YSD strategy to determine whether random mutations to the 

ACP6
DEBS

 can improve the ability of FluAT1ȹ to acylate the carrier protein. If improvements 

are found, the variants can be tested in the natural the polyketide synthase. 
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We randomly mutated the ACP6
DEBS

 gene by error-prone PCR and cloned the 

resulting DNA into Linker2-pCTCON using gap repair homologous recombination. This 

resulted in a library of 5x10
6
 transformants with ~3 amino acid mutations per gene. The 

library was screened with the YSD assay using both FluAT1ȹ and Sfp. Interestingly, the 

library showed a low expression rate (~20%), which is likely due to the high rate of 

mutagenesis identified in the sequenced library members (Figure 55). Nevertheless, the top 

population for each sort (R3) was sorted and the cells were recovered as previously 

described. Although the Sfp sort grew as expected, the FluAT1ȹ library unfortunately was 

not recovered. Though disappointing, the enriched population (R3) from the Sfp sort should 

provide an enriched pool of active mutants for FluAT1ȹ, since Sfp should have labeled most 

ACPs containing the intact Sfp recognition peptide. Using this ñSfp enrichedò library, the 

cells were expressed a second time and labeled again with both Sfp and FluAT1ȹ. 

Gratifyingly, both the ACP6
DEBS

 expression and labeling was significantly improved after the 

second round of sorting (Figure 55). This result suggests significant enrichment from the 

original low expressing error library. After successful sorting and recovery, the DNA from 

individual cells was isolated and sequenced. After analysis of the DNA, only WT ACP6
DEBS

 

genes were recovered from the sequencing results. Though this result is disappointing, we 

were successfully able to enrich active ACP6
DEBS

 displayed cells from a library of 

inactive/poorly active mutants. This result also implies that multiple mutations to the ACP 

are not well tolerated by the AT or ACP. In the future new ACP libraries with lower 

mutagenesis rate will need to be screened. 
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Figure 54. ACP6
DEBS

 error library sorting.  FACS sorting of ACP6
DEBS

 error prone library 

after being labeled with Sfp or FluAT1ȹ and azidoethylmalonyl-CoA. The gated cells (R3) 

were collected. The x-axis (Alexa 647) corresponds to ACP6
DEBS

 expression via the c-Myc 

tag and the y-axis (PE) corresponds to the labeling signal. 

 

 

Figure 55. Sfp ACP6
DEBS

 error library resort.  FACS sorting of Sfp enriched ACP6
DEBS

 

error prone library after being labeled with Sfp or FluAT1ȹ and azidoethylmalonyl-CoA. 

The gated cells (R3) were collected. The x-axis (Alexa 647) corresponds to ACP6
DEBS

 

expression via the c-Myc tag and the y-axis (PE) corresponds to the labeling signal. 

4.3 Conclusion 

The previously developed yeast ñclickò assay was applied to the screening of the 

acyltransferase from the Fluvirucin PKS extension module 1 with varying acyl carrier 

proteins. Though FluAT1ȹ was unable to acylate its cognate ACP1
Flu

, activity was observed 

for several DEBS ACPs, including ACP2 and ACP6. Due to the complexity of the YSD 

system, it is unclear why the cognate ACP cannot be labeled. Interestingly, a new fusion 

ACP6DEBS Lib Sort 

+FluAT1ȹACP6DEBS Lib Sort +Sfp

Sfp Sort Round 2 

+Sfp

Sfp Sort Round 2 

+FluAT1ȹ
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linker (Linker2) was screened using the ACP6
DEBS

 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 experiment, FluAT1ȹ could successfully 

enrich a mixture of WTACP6
DEBS

 displayed cells from diluted in ACP6
DEBS

 knockouts with 

an excellence enrichment factor of 1,900. Furthermore, Sfp and FluAT1ȹ were used to 

screen an ACP6
DEBS

 error prone library using the YSD assay. Though only WT ACP6
DEBS

 

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 ultra-high-throughput assay to screen for acyltransferase activity. In 

the future, more libraries will need created and screened to identify ACP6
DEBS

 mutations that 

can improve acylation by FluAT1ȹ. 

 

4.4 Methods 

4.4.1 General cloning 

All primers were ordered from Integrated Technologies (see Appendix A for list of 

primers). See section 3.4.1 for ACP5
Kir

, ACP2
DEBS

, and ACP6
DEBS

 cloning. FluKS1AT1 and 

FluACP1 plasmids were a kind gift from Nathan Schnarr (University of Massachusetts, 

Amherst). Standalone FluAT1ȹ was PCR amplified from FluKS1AT1-pET21b vector with 

primers ZY1/ZY2 and was cloned into pET28a via NcoI and NotI restriction sites (previously 

cloned by Dr. Zhixia Ye). Plasmid identities were confirmed by DNA sequencing (Genewiz 

Inc.).  
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4.4.2 Yeast plasmid cloning 

ACP5
Kir

, ACP2
DEBS

, and ACP6
DEBS 

genes were previously cloned into pCTCON (see 

section 3.4.2). The ACP1
Flu

 gene was cloned into pCTCON as described in section 3.4.2 

using primers CL193/CL194. ACP6Linker2-pCTCON and ACP5Linker2-pCTCON were 

constructed by replacing the AS(G4S)3 linker with Linker 2, 

P(G4S)2A(EAAAR)3AGSGSGRP. Linker2 was PCR amplified from pIDT-blue (a kind gift 

from the Rao Lab, NCSU) with primers CL133/CL134 and cloned into pCTCON using PstI 

and NheI restriction sites to afford Linker2-pCTCON. The ACP6
DEBS

 and ACP5
Kir

 genes 

were subcloned from ACP6-pCTCON and ACP5-pCTCON into Linker2-pCTCON. All 

pCTCON plasmids were sequenced with primers CL71/CL72. 

 

4.4.4 Protein expression and purification  

Proteins Sfp and ACP5
Kir

 were expressed as previously described in section 2.4.4. 

ACP2
DEBS

 and ACP6
DEBS

 were expressed and purified using the ACP5
Kir

 procedure. 

FluKS1AT1 were expressed and purified as described previously.
114

 FluAT1ôs were 

expressed and purified the same way as FluKS1AT1. Plasmids harboring ACP1
Flu

 were co-

transformed with a Sfp encoding plasmid pSU20-Sfp into E. coli BL21 (DE3) for the in vivo 

production of holo-ACP. ACP1
Flu

 was expressed and purified using the general method in 

section 2.4.4. 

 

4.4.5 Chemoenzymatic synthesis of azidoethylmalonyl-CoA analogs 

Azidoethylmalonyl-CoA was prepared as previously described in section 2.4.6. 
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4.4.6 In vitro  ñclickò reactions 

 Reactions were setup and analyzed as previously described in section 2.4.7 and 2.4.8. 

 

4.4.7 Yeast strains and general yeast materials and methods 

See Sections 3.4.6 and 3.4.7. 

 

4.4.8 Selection reagents and general yeast expression and analysis 

See Sections 3.4.8 and 3.4.9. 

 

4.4.9 AT yeast labeling protocol 

1) Measure OD
600

 of yeast cultures, aliquot to 1x10
7
 cells per reaction (1.0 OD

600
 = 

1x10
7
). 

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

3) Resuspend cells in Tris buffer with 5 µM Sfp, 50 µM CoA, and 5 mM MgCl2 for 30 

min/shaking. 

4) Wash cells and centrifuge. 

5) Resuspend cells in Tris buffer with 5 µM AT, 50 µM acyl-CoA, and 5 mM MgCl2 for 

60 min/shaking. 

6) Wash cells and centrifuge. 

7) Resuspend cells in PBS with 100 mM Iodoacetamide for 15 min/shaking. 

8) Wash cells and centrifuge. 
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9) Resuspend in PBS-BSA with 4 µM DIBO
Biotin

 for 105 min/shaking. 

10) Wash cells twice and centrifuge. 

11) Resuspend cells in PBS-B containing c-Myc primary antibody (1:250) for 30 min. 

12) Wash cells and centrifuge. 

13) Resuspend cells in PBS-B with Streptavidin-PE (1:100) and secondary AlexaFluor 

647 antibody (1:250) for 30 min at 4 °C. 

14) Wash cells and centrifuge. 

15) Resuspend cells in PBS-BSA before FACS analysis. 

 

4.4.10 Mock enrichment sorting experiments 

EBY100 cells containing WT ACP6
DEBS

 and ACP6
DEBS

S45A (ACP6KO) pCTCON 

plasmids were expressed using the general expression protocol. The expression time used 

was 36 hours. The OD
600

 of the cells was measured and 1x10
8
 cells were aliquoted per tube. 

WT ACP6
DEBS

 was diluted 1:100 and 1:1000 with ACP6
DEBS

KO. The cells (along with 

controls) were washed and labeled using the optimized protocol from section 3.4.11. 

Approximately, 5-10 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 (containing 1:100 Pen-Strep) and were grown for 72 hours at 30ęC/250 rpm. 

Plasmid DNA was extracted from the cells and transformed into E. coli cells. Twenty 

colonies were sequenced for each plate to determine the enrichment factor. 
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4.4.11 Error prone library construction  

ACP6
DEBS

 error prone libraries of were constructed using Taq error prone PCR.
115

 

The mutagenesis rate was optimized by varying the concentration of MgCl2. Primers CL226 

and CL227 were designed to bind the pCTCON plasmid outside of the NheI/BamHI 

restriction sites. This provides a set of primers for mutagenesis of any gene of interest. 

General setup and cycling parameters are presented in (Table 5). PCR products were 

precipitated and the DNA was concentrated with Pellet Paint (EMD Millipore). 

Table 5. Error prone PCR setup and cycling parameters 

 

 

4.4.12 Yeast electroporation transformation protocol 

This protocol was adapted from Benatuil et al.
116 

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 and 30 °C. 

General Setup  Cycling 

DNA (1 ng/µL) 4µL 1 94 °C 1 min 

Taq 10x Buffer 10 µL 2 94 °C 30 sec 

DNTPs (10 mM)  4 µL 3 68 °C 1 min 

Fwd Primer (10 µM) 2 µL 4 72 °C 2 min 

Rev Primer (10 µM) 2 µL 5 Repeat steps 2-4 for 29 cycles 

MgCl2 (5.5 mM) 15 µL 6 72 °C 3 min 

MnCl2 (1.5 mM) 6 µL 

DMSO  2 µL 

Water  55 µL 

Taq 1 µL 

Total  100 µL 
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2) Using the overnight culture, inoculate a 100 mL YPD culture to an OD
600

 of 0.3. 

3) Continue to grow the inoculated cells on a platform shaker at 30°C and 225 rpm until 

OD600 is approximately 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 ice-cold water and once by 50 mL of ice-cold 

electroporation buffer (1 M Sorbitol / 1 mM CaCl2). 

6) Condition the yeast cells by re-suspending 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 mL ice-cold 

electroporation buffer, and re-suspended the cell pellet in electroporation buffer to 

reach a final volume of 1 mL. 

8) This corresponds to approximately 1.6 × 10
9
 cells/mL and is sufficient for 2 

electroporation reactions of 400 ɛl each. The cells are kept on ice until 

electroporation. 

DNA preparation and electroporation and plating 

1) Prepared in advance, pCTCON was digested with NheI and BamHI 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 ɛg of digested vector backbone and 10 ɛg of DNA insert for each 400 ɛL 

electroporation reaction. The DNA mixture in water should be less than 50 ɛL.  

3) Gently mix 400 ɛL electrocompetent cells and DNA and transfer to a pre-chilled 0.2 

cm cuvette. Incubate on ice for 5 minutes until electroporation. 
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4) Electroporate the cells at 2.5 kV and 25 ɛF.  

5) Immediately, transfer electroporated 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. 

6) Collect cells by centrifugation and resuspend in SDCAA media. Use 100 mL of 

SDCAA media (with 1:100 penstrep) for every 400 ɛL electroporated cells. Note: To 

prevent bacterial contamination, SDCAA pH 4.5 media can be used. Additionally, 50 

µg/mL gentamicin can be used. 

7) Prepare 10-fold serially diluted cells from the cell suspension and plate diluted cells 

onto selective SDCAA plates and incubate at 30 °C incubator. Library size is 

determined from the colony counts after three days. 

8) 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 Yeast Surface 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 display both the 

acyltransferase (AT) and acyl-carrier protein (ACP) on the same cell surface. This dual 

display system will provide a route to screen large libraries of acyltransferases. The AT 

domain will be displayed as a fusion to Aga2 and the ACP domain will be fused to Aga1 

(Figure 56). The AT-catalyzed transfer of the azido ñclickò handle from the acyl-CoA will 

allow for detection via ligation to a suitable alkynyl fluorophore (Figure 57). Our hypothesis 

is that screening for the transfer of azidomalonyl-CoA analogs will reveal mutant ATs with 

altered substrate specificity and improved promiscuity. Selected AT variants can then be 

characterized using other malonyl-CoA extender units to identify promiscuous variants.  

 

Figure 56. trans-AT YSD plasmid. The trans-AT (red) is displayed as a fusion to Aga2 and 

the ACP (green) is displayed as a fusion to Aga1. 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 for trans-ATs. The AT domains catalyzes the transfer of azidomalonyl-CoA analogs 

to the ACP. An alkynyl fluorophore is used to detect the group transfer via the ñclickò 

reaction. Labeled cells can then be analyzed by 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 (KirCII, FluAT1ȹ, and Sfp) were cloned into pCTCON, transformed and expressed 

on the yeast cell surface. Both KirCII and Sfp were successfully expressed, but FluAT1ȹ 

showed no expression (Figure 58). Since FluAT1ȹ showed no expression on the cell surface, 

the KirCII/ACP5
Kir

 pair (chapter 2) was selected to construct and test the dual display 

system. Using the YSD ñclickò strategy (Chapter 3), we sought to test KirCIIôs ability to 

trans-acylate ACP5
Kir

 displayed cells with azidoethylmalonyl-CoA.  
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Figure 58. Acyltransferase expression controls. FACS scatter plots of KirCII, Sfp, and 

FluAT1ȹ yeast displayed cells. The y-axis (647 nm) corresponds to enzyme expression via 

the c-Myc tag. The x-axis is not relevant. 

5.2.2 KirCII labeling of yeast displayed ACP5
Kir

 

 First we tested the ability of purified KirCII to acylate yeast displayed ACP5
Kir

 

(Figure 59A). Using ACP5-pCTCON as a template, site-directed mutagenesis was used to 

make the serine knockout ACP5
Kir

 S63A (ACP5KO). ACP5
Kir

 and ACP5
Kir

KO were 

expressed on the yeast cell surface and first reacted with the enzyme Sfp and coenzyme-A to 

install the necessary phosphopantetheine arm. This reaction afforded the holo-ACP5
Kir

, 

which is the natural substrate for KirCII. After the conversion, KirCII was used to transfer 

the azide to the cell surface. After labeling the cells using 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 

0.10%

Unexpressed

74.60%

Sfp Expressed

KirCII Expressed 

43.70%0.06%

FluAT1 Expressed
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(Figure 59B). Unfortunately, only a small amount of acylation (S/B of 6.5) was detected for 

the KirCII reaction (see equation 1 section 3.2.4 for S/B calculation).  

 

 

  

Figure 59. KirCII labeling of ACP5
Kir

 displayed yeast. A) Reaction scheme for KirCII 

mediated labeling. ACP5
Kir

 is converted to the holo form by SFP, which allows for azido-

acylation by KirCII. Azide transfer is detected by DIBO
Biotin

/SA-PE. B) FACS scatter plots 

of the yeast labeling reactions with KirCII and Sfp. The x-axis (Alexa 647) corresponds to 

ACP5
Kir

 expression via the c-Myc tag and the y-axis (FL2-H) corresponds to the PE labeling 

signal. 

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

sort experiment was performed. WT ACP5
Kir

 cells were diluted at 1:10 and 1:100 with 

ACP5
Kir

KO and labeled sequentially using the Sfp and KirCII labeling conditions. The top 

42.27% 0.41%

4.54% 0.69%

ACP5KirKO +SfpACP5Kir +Sfp

ACP5KOKir +KirCIIACP5Kir +KirCII

B) 

A) 
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fluorescent population was sorted for each mixture. The gated cells were collected and 

recovered. After isolation of the DNA the enrichment values were calculated. As described in 

Chapter 3, ACP5
Kir

 was successfully enriched after Sfp labeling (Figure 60). Unfortunately, 

the KirCII labeling experiments resulted in no labeling or enrichment (Figure A20). 

Alteration of enzyme concentration and reaction time did not improve KirCII labeling (data 

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

 

Figure 60. ACP5
Kir

 mock sorting experiments. WT ACP5
Kir

 yeast cells were diluted with a 

knockout variant, reacted with Sfp and azidoethylmalonyl-CoA, labeled using the optimized 

assay, and sorted by FACS. The gated cells (R3) were collected and the plasmid DNA was 

recovered and sequenced. Enrichment 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). The x-axis (Alexa 647) 

corresponds to ACP5
Kir

 expression via the c-Myc tag and the y-axis (PE) corresponds to the 

labeling signal. 

5.2.3 Investigation of KirCII labeling of ACP5
Kir

 

Because the surface landscape of the yeast cell is unknown, the lack of ACP5
Kir

 

labeling may be due to KirCIIôs inability to properly access the displayed carrier protein, 

possibly because of steric interactions. To evaluate if the fusion of Aga2 to ACP5
Kir

 is 

disrupting labeling, the Aga2-ACP5
Kir

 fusion gene was cloned into pET28a, transformed into 

0.81% 0.084%

ACP5Kir Sort 1:10 ACP5Kir Sort 1:100

EF = 15 EF = 50
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E. coli cells, and the protein was expressed. Unfortunately, the fusion protein was unable to 

be expressed in E. coli. Alternatively, Aga2-ACP5
Kir

 fusion protein can be easily cleaved 

from the yeast cell surface by reducing the disulfide linkage to Aga1 (Figure 61A). ACP5
Kir

 

expressed cells were expressed and treated with dithiothreitol (DTT). The removal of the 

displayed protein was confirmed by FACS (Figure 61B). The subsequent supernatant was 

collected, concentrated and used in Sfp labeling reactions with azidomalonyl-CoA. The 

reactions were analyzed by SDS-PAGE and densitometric analysis of the coomassie and 

DIBO-stained gels, respectively (Figure 61C). Interestingly, an intense band was detected at 

~100 kDa, which is not the predicted 25 kDa molecular weight of the Aga2-ACP5
Kir

 fusion 

protein (on the basis of the known protein sequence). If this 100 kDa protein band is the 

ACP5
Kir

 fusion, this result may suggest the formation of a complicated oligomeric state of 

the cleaved protein. Regardless, accessibility of the carrier protein is an important issue to 

further investigate.  
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Figure 61. Cleaved ACP5
Kir

 labeling reactions. A) Yeast ACP5
Kir

 cleavage reaction 

scheme. B) FACS scatter plots of the DTT treated ACP5
Kir

 cells. The x-axis (Alexa 488) 

corresponds to ACP5
Kir

 expression via the c-Myc tag. The addition of DTT removes the 

displayed protein from the cell surface. C) Yeast cleaved ACP5
Kir

 protein was incubated with 

purified KirCII  and azidoethylmalonyl-CoA and analyzed by the ñclickò gel assay. 

Coomassie stained SDS-PAGE (left) and in gel fluorescence at 633 nm (right). Purified Sfp 

control reaction showed positive labeling of ACP5
Kir

 ~20 kDa. No band was observed for the 

ACP5
Kir

-Aga2 cleaved fusion protein (~ 29 kDa). 

5.2.4 Alternative ACP5
Kir

 display constructs 

To investigate this accessibility issue, several alternative ACP5
Kir

 display constructs 

were created (see methods for cloning details, Figure 62). The first four alternative 
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constructs aimed to replace or improve the (G4S)3 linker contained within the pCTCON 

plasmid. First, the linker was replaced with a longer linker, (G4S)2A(EAAAR)3, to 

potentially allow for better ACP access. Similarly, the linker was also replaced with a second 

copy of ACP5
Kir

, which aimed to serve as a linker and also to amplify the signal by providing 

double the amount of ACP5
Kir

. Next, the natural ACP5
Kir

 linker, as well as the full-length 

Kirromycin Module 5 gene was added. These two constructs had the potential to provide a 

more native environment for KirCII. Lastly two additional constructs were made. 

ACP5
Kir

Rev was created by reversing the display construct to create an N-terminal Aga2 

fusion. ACP5-pATCON was constructed by replacing the Aga2 gene with the native Aga1 

gene, creating an Aga1-ACP5
Kir

 fusion. Each of the new display constructs were cloned into 

pCTCON, transformed into yeast cells, expressed, and tested for labeling with Sfp and 

KirCII. Interestingly, all of the alternative ACP5
Kir

 constructs (except Mod5) showed Sfp 

labeling, albeit at reduced efficiencies when compared to the wild-type (Figure 63, Figure 

A21, Figure A22). Unfortunately, no KirCII labeling was detected with any of the alternative 

display constructs. This result may allude to a larger problem with the ACP5
Kir

 display 

system including unwanted yeast mediated post-translational modifications such as 

glycosylation. 
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Figure 62. Alternative ACP5
Kir

 display constructs. Several different ACP5
Kir

 constructs 

were created to try and improve the KirCII:ACP5
Kir

 interaction.  
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Figure 63. Labeling of alternative ACP5

Ki r
 display constructs. FACS analysis of yeast 

displayed ACP5
Kir

 alternative constructs after being reacted with Sfp or FluAT1ȹ and 

azidoethylmalonyl-CoA and labeled using the optimized DIBO
Biotin

/SA-PE labeling 

conditions. The x-axis (APC-A) corresponds to protein expression via the c-Myc tag and the 

y-axis (PE-A) corresponds to the PE labeling signal. Control reactions did not contain 

enzyme. 
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 To test whether this accessibility issue affects other ACPs, another 

acyltransferase/ACP pair was tested. DSZS is a trans-AT from disazorole synthase, which is 

a malonyl-CoA specific enzyme.
117

 DSZS unfortunately doesnôt recognize ACP5
Kir

, but has 

been shown to acylate ACP6
DEBS

.
118

 Since DSZS cannot transfer the azidoethylmalonyl-

CoA, an alternative, albeit low-throughput strategy was developed using a 
14

C radiolabeled 

malonyl-CoA (Figure 64A). The malonic acid [2-
14

C] was enzymatically converted to [2-

14
C] malonyl-CoA using WT MatB. The radiolabeled malonyl-CoA was then transferred to 

ACP6
DEBS

 displayed yeast cells with either Sfp or DSZS. After the reaction the fusion protein 

was cleaved from the cell surface (Figure A23), concentrated in a 3 kDa spin filter and 

analyzed by liquid scintillation counting (Figure 64B). As expected, Sfp robustly labeled the 

yeast displayed ACP6
DEBS

. DSZS did show some labeling, but about 5x lower than Sfp. 

Though the signal was lower, this result does provide evidence of AT-mediated acylation of 

a yeast displayed ACPs.  
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Figure 64. 
14

C labeling of ACP6
DEBS

. A) Reaction scheme for 
14

C malonyl-CoA transfer to 

ACP6
DEBS

 displayed cells. B) 
14

C labeling results for the excised ACP6
DEBS

 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 developed was the 

surface display of the acyltransferse. Since KirCII was efficiently displayed on the yeast cell 

surface, we sought to test the enzymatic activity of KirCII expressed cells. Cells were 

expressed and incubated with purified ACP5
Kir

 and azidoethylmalonyl-CoA. The reactions 

were screened using the general ñclickò assay and analyzed by SDS-PAGE (Figure 65). 

Though the purified KirCII control was successfully able to label ACP5
Kir

, no positive 

labeling was detected from the yeast displayed KirCII  (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. 

0

200

400

600

800

1000

1200

+ Sfp - Sfp + DSZS - DSZS

C
o

u
n

ts
 P

e
r 

M
in

u
te

 (
C

P
M

14C Labeling of ACP6 Displayed YeastB) 

A) 



107 

 

Alternatively, the Aga2-KirCII fusion protein can be easily cleaved from the yeast cell and 

tested (Figure 66A) KirCII and Sfp expressed cells were treated with DTT to remove the 

protein. The subsequent supernatant was collected, concentrated and use in reactions with 

purified ACP5
Kir

 and azidoethylmalonyl-CoA. The reactions were screened using the general 

ñclickò assay and analyzed by SDS-PAGE (Figure 66B). Though the purified KirCII was 

able to acylate ACP5
Kir

, no labeling was detected in the cleaved KirCII  reactions. KirCII 

yeast displayed enzyme activity will need to be further investigated. 

 

 

Figure 65. KirCII yeast labeling reactions. A) Yeast labeling scheme. B) Yeast displayed 

KirCII cells were incubated with purified ACP5
Kir

 and azidoethylmalonyl-CoA and analyzed 

by the ñclickò gel assay. Coomassie stained SDS-PAGE (left) and in gel fluorescence at 633 

nm (right). The purified KirCII  control reaction showed positive labeling of ACP5
Kir

 ~20 

kDa. Tthe yeast displayed KirCII reaction showed some labeling, but the negative control 

(unexpressed cells) did as well. 
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Figure 66. Cleaved Sfp and KirCII labeling reactions. A) Yeast AT cleavage reaction 

scheme. B) Yeast cleaved KirCII and Sfp protein was incubated with purified ACP5
Kir

 and 

azidoethylmalonyl-CoA and analyzed by the ñclickò gel assay. Coomassie stained SDS-

PAGE (left) and in gel fluorescence at 633 nm (right). Purified controls (Sfp and KirCII) 

showed positive labeling of ACP5
Kir

 ~20 kDa, but yeast reactions (Sfp pCTCON and KirCII 

pCTCON) did not show labeling. 

5.2.6 KirCII/ACP5 dual d isplay 

Although the displayed KirCII was unable to acylate purified ACP5
Kir

, we still 

wanted to construct the dual display system. The Aga1 gene from S. cerevisiae was PCR 

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

express both proteins from one plasmid. Next, KirCII and ACP5
Kir

 were cloned downstream 

of the Aga2 and Aga1 sites, respectively. Upon transformation and expression of the yeast 

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

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

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

endogenous Aga1, which could affect the display of the Aga1-ACP5
Kir

 fusion, though clearly 
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ACP5
Kir

 was successfully expressed using ACP5-pATCON. To test whether the natural Aga1 

was the problem, the dual display plasmid was transformed into an Aga1 knockout yeast 

strain. Unfortunately, after expression and antibody labeling, neither protein was detected 

(Figure 67). Collectively, the dual display system appears possible, but needs further 

adjustment to be fully operational. 

 
Figure 67. Dual display expression controls. FACS scatter plots of KirCII/ACP5-Dv2 

yeast expressed cells. The x-axis (Alexa 488 nm) corresponds to KirCII expression via the c-

Myc tag and the y-axis (Alexa 647) corresponds to ACP5 expression via the Flag tag. 

5.3 Conclusion 

ACP5
Kir

 and several acyltransferases were successfully displayed on the yeast cell 

surface. Using the YSD strategy developed in Chapter 3, ACP5
Kir

 was successfully sorted 

using a mock screen. The cognate acyltransferase KirCII was evaluated for itsô ability to 

label ACP5
Kir

. Because no KirCII mediated acylation was detected with the WT ACP5
Kir

, 

alternative display constructs were evaluated. Several of the constructs were successfully 

expressed, but the KirCII 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 Aga1 

fusions). Unfortunately, both proteins were not able to be displayed at once, which will need 

KirCII/ACP5-Dv2 

EBY100 cells

0%

KirCII/ACP5-Dv2 

MATa cells
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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 was detected for 

either ACP5
Kir

 or KirCII cleaved protein. Interestingly, ACP6
DEBS

 was successfully labeled 

and cleaved from the cell using the trans-AT DSZS via a 
14

C radio labeling strategy. This 

result may suggest that the KirCII/ACP5
Kir

 pair may not be ideal for YSD system, but other 

pairs will need to be investigated. 

 

5.4 Methods 

5.4.1 General cloning 

All primers were ordered from Integrated Technologies (see Appendix A for list of 

primers). The genes for KirCII, ACP5
Kir

, DSZS, and SFP, were previously cloned into E. coli 

expression plasmids.
81

 Aga2-ACP5
Kir

 fusion gene was subcloned from ACP5-pCTCON into 

pET28a using primers CL59/CL49 with NdeI and BamHI restriction sites. Plasmids identities 

were confirmed by DNA sequencing (Genewiz Inc.). 

 

5.4.2 Yeast plasmid cloning 

All acyltransferase genes and Sfp were cloned into pCTCON using NheI and BamHI 

restrictions using primers CL36/CL37 (KirCII), CL19/CL20 (DSZS), CL21/CL22 (MCAT), 

and CL27/CL28 (Sfp), and FluAT1ȹ (CL86/87). ACP5Linker2-pCTCON was constructed as 

described in section 3.4.2. Mod5
Kir

 and Mod5
Kir
ȹKS genes were PCR amplified from 

Streptomyces collinus genomic DNA using primers 108/110 and 109/110 and were cloned 

into pCTCON using NheI and BamHI restriction sites to afford Mod5
Kir

-pCTCON and 
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Mod5
Kir
ȹKS-pCTCON. ACP52X-pCTCON was constructed by PCR amplifying the 

ACP5
Kir

 gene from ACP5-pCTCON with primers CL50/CL51, which was cloned in place of 

the (G4S)3 linker using PstI and NheI restriction sites. ACP5Rev-pCTCON was constructed 

by first PCR amplifying the Aga2 gene with primer CL130/CL132, which was cloned into 

pCTCON using NheI and BamHI restriction sites to afford Rev-pCTCON. ACP5
Kir

 was then 

PCR amplified with primers CL124/CL125 and cloned into Rev-pCTCON using EcoRI and 

PstI restriction sites to afford ACP5Rev-pCTCON. ACP5-pATCON was constructed by first 

PCR amplifying the Aga1p gene from EBY100 genomic DNA using primers CL64/CL65. 

The fragment was cloned in place of Aga2 using EcoRI and NheI restriction sites, which 

afforded the plasmid pATCON. The ACP5
Kir

 gene was subcloned from ACP5-pCTCON into 

pATCON using the NheI/BamHI restriction sites. Successful yeast surface expression was 

confirmed by FACS (Figure A24) 

For the construction of the dual display plasmid, the Aga1 gene was subcloned from 

pATCON into Dv2 using the EcoRI/NheI restriction sites to afford Dv2-Aga1. KirCII was 

PCR amplified using primers CL106/CL107 and cloned into Dv2-Aga1 (as an Aga2 fusion) 

using MluI/NcoI restriction sites to afford KirCII-Dv2-Aga1. Next, ACP5
Kir

 was PCR 

amplified with primers CL42/CL43 and cloned into the plasmid (as an Aga1 fusion) using 

SpeI/BamHI restriction sites to afford KirCII-ACP5-Dv2-Aga1. All pCTCON plasmids were 

sequenced with primers CL71/CL72. The Aga1 gene was sequenced with primers 

CL77/CL79. The Dv2 plasmid was sequenced with primers CL73-76. 
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Figure 68. Plasmid design of pATCON and DV2-Aga1. 

5.4.3 Site-directed mutagenesis of ACP5
Kir

 

Site-directed mutagenesis was performed as described in section 2.4.3. Using ACP5-

pCTCON as a template, primers CL148/CL149 were used to make the ACP5
Kir

 alanine 

knockout mutant ACP5
Kir

 S63A. 

 

5.4.5 Protein expression and purification  

Proteins Sfp, KirCII, DSZS, and apo/holo-ACP5
Kir

 were expressed and purified as 

previously described in section 2.4.4. DSZS was expressed and purified as described in 

Koryakina et al.
81

 Aga2-ACP5
Kir

 fusion was expressed using the wild-type ACP5
Kir

 

procedure. 
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5.4.6 Chemoenzymatic synthesis of azidoethylmalonyl-CoA analogs 

Azidoethylmalonyl-CoA was prepared as previously described in section 2.4.6. For 

the preparation of 
14

C labeled malonyl-CoA, malonic acid [2-
14

C] (Moravek Biochemicals 

Inc.) was converted to the acyl-CoA by wild-type MatB using the previously described 

method in section 2.4.6. 

  

5.4.7 Yeast strains and general yeast materials and methods 

See sections 3.4.6 and 3.4.7 for all general methods and yeast strains. The Aga1 

knockout yeast strain, MATa, was a kind gift from the Erdman Lab (Department of Biology, 

Syracuse University).
119

 

 

5.4.8 Selection reagents and general yeast expression and analysis 

See sections 3.4.8 and 3.4.9. 

 

5.4.9 AT yeast labeling protocol 

1) Measure OD
600

 of yeast cultures, aliquot to 1x10
7
 cells per reaction (1.0 OD

600
 = 

1x10
7
). 

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

3) Resuspend cells in Tris buffer with 5 µM Sfp, 50 µM CoA, and 5 mM MgCl2 for 30 

mins/shaking. 

4) Wash cells and centrifuge. 
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5) Resuspend cells in Tris buffer with 5 µM AT, 50 µM acyl-CoA, and 5 mM MgCl2 for 

60 mins/shaking. 

6) Wash cells and centrifuge. 

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

8) Wash cells and centrifuge. 

9) Resuspend in PBS-BSA with 4 µM DIBO
Biotin

 for 105 mins/shaking. 

10) Wash cells twice and centrifuge. 

11) Resuspend cells in PBS-B containing c-Myc primary antibody (1:250) for 30 mins. 

12) Wash cells and centrifuge. 

13) Resuspend cells in PBS-B with Streptavidin-PE (1:100) and secondary AlexaFluor 

647 antibody (1:250) for 30 mins at 4 °C. 

14) Wash cells and centrifuge. 

15) Resuspend cells in PBS-BSA before FACS analysis. 

 

5.4.10 Mock sort experiment 

EBY100 cells containing WT ACP5
Kir

 and ACP5
Kir

 S63A (ACP5
Kir

KO)-pCTCON 

plasmids were expressed using the general expression protocol above. The expression time 

used was 36 hours. The OD
600

 of the cells was measured and 1x10
8
 cells were aliquoted per 

tube. WT ACP5
Kir

 was diluted 1:10 and 1:100 with ACP5
Kir

KO. The cells (along with 

controls) were washed and labeled using the optimized protocol. Approximately, 5-10 

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 Pen-Strep) and were grown for 72 hours at 30ęC/250 rpm. Plasmid DNA 

was extracted from the cells and transformed into E. coli cells. Twenty colonies were 

sequenced for each plate to determine the enrichment factor. 

 

5.4.11 ACP5
Kir

 cleavage experiments 

ACP5
Kir

 yeast cells were expressed using the general protocol. 4 x 10 mL cultures 

were centrifuged, washed, and resuspended in 10 mL 50 mM Tris-HCl pH 7.4 containing 

100 mM NaCl and 10% glycerol (TNG) with 10 mM DTT for 4 hours at 4 ęC. The cells were 

centrifuged and supernatant was concentrated to 250 µL in TNG buffer. Assuming a display 

efficiency of 50,000 proteins per cell, the theoretical concentration should be 1-5 µM. The 

reactions contained 25 µL of yeast supernatant (or 5 µM ACP5
Kir

), 5 µM Sfp, and 100 µM 

azidoethylmalonyl-CoA, in Tris buffer containing 5 mM MgCl2. The reactions were run for 2 

hours and then 0.5 µL 2 mM DIBO
647

 was added for 1 hour. 20 µL of the reaction was added 

to 5 µL of 5x dye, boiled, and analyzed by SDS-PAGE. 

 

5.4.12 
14

C labeling of ACP6
DEBS

 displayed yeast cells  

Yeast cells containing ACP6-pCTCON were expressed using the general protocol. 

The cells were labeled with [2-
14

C]malonyl-CoA using the previously described protocol in 

section 5.4.9 (steps 1-5), with a few minor adjustments. For step 1, 5x10
8
 cells were used and 

for step 5, the reaction time was extended to 6 hours. The cells were washed to remove any 

excess 
14

C malonate/malonyl-CoA and resuspended in 500 µL of 100 mM DTT for one hour. 

The cells were centrifuged and the supernatant was added to 3 mL of LSC ScintiSafe Econo1 
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(Fisher Scientific) and analyzed with a Tri-Carb Model 2900 TR liquid scintillation counter 

(Packard Instrument Company). 

 

5.4.13 KirCII/Sfp c leavage experiments 

KirCII 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 ęC. The cells were centrifuged and supernatant was concentrated to 250 µL in 

TNG buffer. The reactions contained 25 µL of yeast supernatant (or 1 µM KirCII/Sfp), 5 µM 

ACP5
Kir

 (apo form for Sfp and holo form for KirCII), 100 µM azidoethylmalonyl-CoA, in 

Tris buffer containing 5 mM MgCl2. The reactions were run for 3 hours and then 0.5 µL 2 

mM DIBO
647

 was added for 1 hour. 20 µL of the reaction was added to 5 µL of 5x dye, 

boiled, and analyzed by SDS-PAGE. 

 

5.4.14 KirCII yeast labeling reactions 

KirCII yeast cells were expressed using the general protocol. 2 x 10
7
 cells were 

washed and centrifuged. The yeast cells were resuspended in 100 µL of reaction Tris reaction 

buffer containing 20 µM ACP5
Kir

, 100 µM azidoethylmalonyl-CoA, and 5 mM MgCl2. 

Control reactions contained 100 nM KirCII instead of yeast cells. The reactions were run for 

6 hours and then 0.5 µL 2 mM DIBO
647

 was added for 1 hour. 20 µL of the reaction was 

added to 5 µL of 5x dye, boiled, and analyzed by SDS-PAGE. 
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Chapter 6. Future Work 

6.1 Acyltransferase engineering 

 Acyltransferase mediated polyketide diversification 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 enzymes. The ñclickò strategy proposed in Chapter 2 provides a new 

avenue for engineering these complex enzymes. This strategy appears to be immediately 

applicable to ethylmalonyl-CoA utilizing ATs (e.g. KirCII and FluAT1ȹ), which are more 

likely to accept the ñclickò functionalized acyl-CoA analogs. Screening ATs with alternative 

extender units is paramount for understanding the rules for acyl-CoA selectively. Combined 

with alanine scanning mutagenesis and site-saturation mutagenesis, this strategy could help 

to better understand AT selectivity. With this knowledge in hand, systematic reprogramming 

of acyltransferases including the more common malonyl-CoA and methylmalonyl-CoA ATs 

will be possible.  

 Though mapping the AT specificity determinants is possible, actual reprogramming 

may require higher throughput screens to navigate the mutational landscape. Though we have 

proposed an ultra-high-throughput YSD screen, a medium-throughput assay could be useful 

in exploring small double or triple saturation libraries. We have proposed a simple strategy 

for screening larger libraries of acyltransferases (Figure 69A). AT libraries can be expressed 

in 96 well plates and the crude extracts can be incubated with azidoethylmalonyl-CoA and a 

purified 6xHis tagged ACP. After the subsequent ñclickò labeling, the ACP can be 
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immobilized by Ni resin and the excess fluorophore can be washed away. Fluorescent wells 

will identify active acyltransferases. To test this strategy, Sfp and FluAT1ȹ were used to 

evaluate the screen. Our initial results suggest that this strategy was effective in identifying 

wild-type Sfp and FluAT1ȹ expressed cells over unexpressed cells (Figure 69B). This 

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

 

 

Figure 69. High-throughput AT microtiter plate ñclickò screen. A) Microtiter plate based 

ñclickò screen. AT libraries are expressed E. coli, lysed, and reacted with azidoethylmalonyl-

CoA and a 6x His tagged ACP. After ñclickò detection, the ACP is immobilized to nickel 

resin and washed. Fluorescent wells represent active acyltransferases. B) Fluorescence data 

for Sfp and FluAT1ȹ labeling of ACP2
DEBS

. +IPTG refers to induced cells and ïIPTG refers 

to non-induced cells. 
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6.2 KirCII engineering and the production of kirromycin analogs 

With the promising results from Chapter 2, we will further characterize the T179X 

mutations, which will include assays with larger substrate panels. Using the reported coupled 

assay, a full kinetic profile will also be built for the mutants. The ñclickò strategy can be used 

to further investigate other residues in KirCII, as well as other acyltransferases such as 

DSZS. Preliminary results suggest that the corresponding T179V mutation in DSZS does not 

allow for azidoethylmalonyl-CoA activity. This is not surprising since DSZS is a malonyl-

CoA specific AT and has a much smaller active site. 

After characterization we want to investigate the in vivo impact of the KirCII mutants 

on kirromycin production. Using a mutant S. collinus strain containing a genetically 

incorporated MatB variant, we can provide a variety of malonic acids, which will be 

converted to the acyl-CoA substrates for KirCII (Figure 70A). Upon incorporation into 

kirromycin, the modified antibiotics can be evaluated for activity against a variety of targets. 

Using the wild-type KirCII, we have preliminary shown the ability to make several 

kirromycin analogs, including allyl-kirromycin (Figure 70B). 
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Figure 70. In vivo production of kirromycin analogs. A) Using a mutant S. collinus strain 

with a genomically incorporated MatB variant, non-natural malonyl-CoAs can be 

synthesized in vivo. Wildtype KirCII or variants, such as T179V, can be used to install the 

alternative extender units into kirromycin. B) LC-MS data for the production of allyl-

kirromycin. 
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6.3 Acyltransferase and ACP engineering by yeast surface display 

Having established a YSD platform for the screening acylation of ñclickò 

functionalized extender units, we want to further demonstrate the power of this strategy. 

Clearly, from our results in Chapters 3-5, 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 (G4S)3 linker. Using the optimized screen, the linkers can be varied by 

mutagenesis and engineered for each protein of interest. In regards to ACP engineering, 

libraries can be screened by a variety of ATs including KirCII and FluAT1ȹ. ACP mutants 

with improved activity can be further tested within the cognate module for successful trans-

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 require multiple rounds of 

mutagenesis of the AT and ACP to 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 be further applied to other 

natural product synthases such as non-ribosomal peptide synthases. A variant of the 

gramicidin synthase module 1 has been shown to accept ñclickò functionalized amino acids 

and appears to be a suitable target.
120
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6.4 Engineering non-PKS enzymes: Tubulin Tyrosine Ligase 

Ultimately, the ñclickò strategy as well as the YSD platform were developed for a 

variety of enzymes, in particular ñgroup transferò enzymes. One enzyme of interest is tubulin 

tyrosine ligase (TTL), which catalyzes the reversible C-terminal tyrosination of Ŭ-tubulin 

(Figure 71). This post-translational modification is important for microtubule formation and 

it is required for cell development.  

 

Figure 71. TTL -catalyzed tyrosination. 

TTL possesses a positively dense strip of amino acids that interacts with the 

glutamate rich 14 amino acid tag of tubulin. TTL 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 modified in the 3 position, including 

3-formyltyrosine and 3-azidotyrosine (Table 6). Direct enzyme-catalyzed installation of 

these analogs would be ideal for site specific protein labeling. Using both of these substrates, 

TTL mutants can be screened using the YSD strategy (Figure 72). 
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Table 6. Substrates for TTL. 

 

R
 

Name (L-isomers) Structure 

H Tyrosine  

 

OH Dihydoxyphenylalanine 

N3 3-Azidotyrosine 

NH2 3-Aminotyrosine 

F 3-Fluorotyrosine 

CHO 3-Formyltyrosine 

I 3-Iododtyrosine 

NO2 3-Nitrotyrosine 

 

 

 

 
Figure 72. TTL YSD directed evolution scheme. TTL catalyzes the peptide formation of 3-

azidotyrosine to the C-terminus of the 14-mer 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 depends on provision of both the azido and aldehyde 

functionalized tyrosine analogs. Both compounds were synthesized in moderate yield and 

tested for reactivity with the corresponding reactive handle (Figure A25, Figure A26, 

Figure A28-Figure A33). To test the activity of the enzyme, purified TTL (Figure A27) was 

used to tyrosinate a 14-mer acceptor peptide and truncated 8-mer peptide. In addition to 
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tyrosine, 3AzY (12) and 3-ForY (10) were also tested as substrates and were reacted with the 

corresponding fluorophore (alkyne rhodamine or dansylhydrazine, respectively) to yield the 

labeled peptide. HPLC and mass spectrometry confirmed that TTL was able to efficiently 

tyrosinate the 14-mer peptide substrate (Figure A34), while the 8-mer proved to be a poorer 

acceptor substrate (Figure A35). Gratifyingly, with the 14-mer peptide, TTL was able to 

utilize both ñclickò functionalized donor substrates (10 and 12) (Figure A36 and Table 7). 

Moreover, subsequent chemical ligation with the corresponding fluorophore resulted in 

identification of a mass ion consistent with successful bioorthogonal ligation. When the 

truncated 8-mer peptide was used, only azide 12 (in addition to tyrosine) could be transferred 

to the peptide by TTL, and was subsequently ligated to the corresponding fluorophore. 

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
14mer

 

The data presented above illustrates our ability to successfully modify peptides 

derived from tubulin with a variety of functionalized amino acids. To test the ability of TTL 

to tyrosinate Ŭ-tubulin peptides attached to an inert ócarrierô protein, an expression plasmid 

was created containing the full-length N-terminal His-tagged GFP sequence with the 14-mer 

TTL acceptor tag appended to the C-terminus of GFP (GFP
14mer

). Purified GFP
14mer

 was 

incubated with TTL and a suitable tyrosine analogue. MS analysis confirmed the addition of 

Tyrosine, 3-ForY, and 3-AzY onto GFP
14mer 

(Table 8). After addition of the tyrosine analog, 

the reactive handles were ligated to the corresponding fluorophore. Reaction products were 

then analyzed by SDS-PAGE and fluorescent proteins bands were observed for the expected 

ligated products by SDS-PAGE (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 and subsequently specifically label the protein with a fluorescent reporter. With this 

exciting proof-of-principle in vitro data in hand, we next sought to validate the YSD strategy. 

Table 8. Summary of GFP
14mer

 reaction masses. 

 

GFP Reactions Average Mass Expected Mass Observed Mass 

GFP
14mer

 30707.82 30559.63 30557.56 

GFP
15mer

 (Tyr) 30870.99 30722.80 30719.55 

GFP
15mer

 (3-AzY) 30911.99 30763.80 30762.23 

GFP
15mer

 (3-ForY) 30898.98 30750.79 30749.67 
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Figure 73. Site-specific labeling of GFP
14mer

 with 3-AzY. A) TTL catalyzes the transfer of 

3-azidotyrosine to GFP
14mer

. GFP
14mer

 is subsequently fluorescently labeled via the ñclickò 

reaction with DIBO
647

. B) Coomassie stained SDS-PAGE (left) of azido modified GFP
14mer

 

ñclickedò with DIBO
647

 and the same gel imaged at 633 nm (right). TTL ~ 45 kDa and GFP 

~ 30 kDa. 

Site specific labeling of GFP
14mer

 displayed yeast cells 

The GFP
14mer

 gene was cloned into the yeast display plasmid pCTCON at the C-

terminus of the Aga2 protein, providing the vector GFP
14mer

-pCTCON. After transformation 

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

the GFP
14mer

 on the cell surface (Figure 74). GFP
14mer

 was also subcloned in to pATCON as 

an Aga1 fusion. 
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Figure 74. Yeast display of GFP
14mer

. A) Yeast cells imaged for fluorescence at 488 nm. B) 

Bright field image of the yeast cells. C) Image overlay showing the location of the GFP on 

the cell surface. 

To test the accessibility of the 14-mer acceptor tag to TTL while appended to GFP on 

the yeast surface, GFP
14mer

 was over-expressed in yeast, washed and subsequently incubated 

with purified TTL and the azide 12. Initially, DIBO
647

 was used to establish whether 12 had 

been installed onto the yeast displayed GFP
14mer

 (Figure 75A). Due to the low lower signal 

to noise afforded by the DIBO
647

, confirmation of labeling was unsuccessful. Unfortunately, 

because of crossover between the GFP chromophore and PE, the DIBO
Biotin

/SA-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 (Aga2
14mer

) and Aga1 (Aga1
14mer

) (Figure 

A38). Both of these new constructs were evaluated for TTL activity using the optimized 

Unexpressed GFP

Expressed GFP

A) 

B) C) 
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DIBO
Biotin

/SA-PE labeling conditions. Unfortunately, TTL was unable to recognize the 

peptide appended to either protein (Figure 75B).  

 

 

Figure 75. Yeast displayed GFP
14mer

 labeling reactions. A) FACS scatter plots of GFP
14mer

 

labeling experiments with purified TTL. The x-axis (488 nm) corresponds to GFP expression 

and the y-axis (647 nm) corresponds to the DIBO
647

 labeling signal. B) FACS histogram 

GFP
14mer

 labeling experiments with purified TTL. The x-axis (FL2-H) corresponds to 

labeling and the y-axis corresponds to the cell count. 

To further investigate the issues with TTL recognition, a TEV protease site was 

inserted between Aga2 and GFP
14mer

, affording GFP
14mer

TEV-pCTCON. Yeast cells 

containing the plasmid were expressed and treated with TEV protease to cleave the GFP
14mer

. 
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The cleavage and subsequent loss of GFP signal was observed by microscopy (Figure A40). 

The free GFP
14mer

 was concentrated and reacted with TTL and 3-AzY. After DIBO
647

 

labeling, the protein was analyzed by SDS-PAGE. Encouragingly, a fluorescent protein band 

corresponding to GFP
14mer

 was detected on the gel (Figure 76).  

 

 
Figure 76. TTL TEV cleavage reactions. A) Yeast TEV cleavage reaction scheme. B) TEV 

protease (25 kDa) cleaves the GFP
14mer

 from the yeast cell surface. GFP
14mer

 is reacted with 

TTL (45 kDa) and 3-azidotyrosine. After incubation with DIBO
647

 the assay was analyzed by 

coomassie stained SDS-PAGE (left) and in gel fluorescence at 633 nm (right). A fluorescent 

band at 30 kDa, corresponding to GFP, was present in both the purified control and +TEV 

reaction. 

This result suggests the GFP
14mer

 is being successfully expressed in an active form, 

but when fused to Aga2 TTL canôt access the peptide. Though the 14mer and TTL (Figure 

A39) can be successfully expressed on the yeast cell surface, further troubleshooting will be 

needed to complete the TTL dual display strategy (including possible linker engineering). 

Once completed, TTL can be engineered for a variety of applications including site-specific 

protein labeling such as PRIME.
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Appendix A. List of Primers 

 

 

Primer  Primer Description Sequence 5' - 3' 

CL3 GFP-YSD-For-NheI GTTTCGCTAGCATGAGCAAAGGAGAAGAACT 

CL7 GFP TTL Rev ACTATGGATCCTCATTCTTCGCCTTCTTCTTCGCCTTCG

CCTTCCACGCTATCCACTTTGTAGAGCTCATCCATGC 

CL12 TTL FWD NheI GTTTCGCTAGCATGTATACCTTCGTGGTTCG 

CL13 TTL Rev BamHI GCTTCGGATCCCAGTTTAATAAATGCGGC 

CL14 TTL FWD MluI GTTTCACGCGTATGTATACCTTCGTGGTTC 

CL15 TTL Rev NcoI GCTTCCCATGGCAGTTTAATAAATGCGG 

CL19 DSZS FWD NheI GGCTCGCTAGCAAAGCATACATGTTTCCCGGCA 

CL20 DSZS REV BamHI GATTCGGATCCGACGACGAGGGGCTGGG 

CL21  MCAT FWD NheI GGCTCGCTAGCCTCGTACTCGTCGCTCCCGG 

CL22 MCAT REV BamHI GATTCGGATCCGGCCTGGGTGTGCTCGG 

CL27 SFP FWD NheI GGCTCGCTAGCAAGATTTACGGAATTTATAT 

CL28 SFP REV BamHI GATTCGGATCCTAAAAGCTCTTCGTACG 

CL36 KirCI IO Fwd NheI GGCTCGCTAGCGCCACCGTGCGCCT 

CL37 KirCIIO Fwd BamHI GATTCGGATCCACCACTACCTGCTGCTGCC 

CL42 ACP5 FWD SpeI GTTTAACTAGTCCCGAGCCCGCAGCGGC 

CL43 ACP5 REV BamHI GATTAGGATCCCGGCTCGGGTGTGGCG 

CL44 ACP5 NheI FWD GTTTAGCTAGCCCCGAGCCCGCAGCG 

CL49 ACP5 Stop BamHI GATTAGGATCCTTACGGCTCGGGTGTGG 

CL50 ACP5 FWD PstI GTTTACTGCAGCCCGAGCCCGCAGCG 

CL51 ACP5 REV NheI 
GATTAGCTAGCAGAACCACCACCACCCGGCTCGGGTG

TGGCG 

CL54 ACP6 FWD NheI 
TGTAGTTTCGCTAGC GCGGCCCCGGCGCGGGAGATGA

CG 

CL55 ACP6 REV BamHI 
TGCAGCTTCGGATCC GAGCTGCTGTCCTATGTGGTCG

G 

CL59 Aga2 Fwd NdeI GGCTCCATATGATGCAGTTACTTCGCTGTTTTTC 

CL64 Aga1 FWD EcoRI GCCTCGAATTCATGACATTATCTTTCGCTCA 

CL65 Aga1 REV NheI GCTTCGCTAGCACTGAAAATTACATTGCAAG 

CL71 pCTCON Fwd GTTCCAGACTACGCTCTGCAGG 

CL72 pCTCON Rev GATTTTGTTACATCTACACTGTTG 

CL73 FwdSeqDv2Aga2 TTCCTGTTATCGAGCTGCGC 

CL74 RevSeqDv2Aga2 TAGCAGTAGGAACATCAGGG 

CL75 FwdSeqDv2Aga1 GCTAGCATTGAAGGTAGATACCC 

CL76 RevSeqDv2Aga1 CTCGAGCTATTACAAGTCCTC 
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CL77 Aga1SeqFwd GCTAGCATTGAAGGTAGATACCC 

CL79 Aga1 Seq Rev CAATATTAGTTAATCCCAAC 

CL84 GFP TEV Fwd 
GGCTCGCTAGCGAAAACCTGTATTTCCAGGGCATGAG

CAAAGGAGAAG 

CL86 FluAT1 Rev BamHI GGCTCGCTAGCGCGGTGCTGGTGTTCC 

CL87 FluAT1 FWD NheI GATTCGGATCCTGCGGTGAACGCCTC 

CL102 Mod6 KS-ACP Fwd2 GACTCGCTAGCGTCGGCGCAGCAGAGG 

CL103 Mod6 AT-ACP Fwd2 GACTCGCTAGCGAGCCCGAGCCGCTG 

CL104 Mod6 KR-ACP Fwd2 GACTCGCTAGCGCCGTGGACTGGCGG 

CL105 Mod6 ACP6 Rev2 GATTCGGATCCGAGCTGCTGTCCTATGTGGTCG 

CL106 KirCIIO Fwd MluI GTTTCACGCGTGCCACCGTGCGCCT 

CL107 KirCIIO Rev NcoI GATTACCATGGACCACTACCTGCTGCTGCC 

CL108 KS ACP5 NheI Fwd GTTTAGCTAGCGACGACGTCGCCATCGTC 

CL109 
KS Linker ACP5 NheI 

Fwd GTTTAGCTAGCGAGGAGTTCCGCACCCG 

CL110 ACP5 Rev BamHI 2 GATTAGGATCCCGGCTCGGGTGTGGC 

CL111 14mer OL PCR Fwd1 GATGTGAATTCTACTTCATACATTTTCAATTAAGATG 

CL112 14mer OL PCR Rev1 GCTATCCACCATGCTAGCAGAACCACCA 

CL113 14mer OL PCR Fwd2 GCTAGCATGGTGGATAGCGTGGAAGGC 

CL114 14mer OL PCR Rev2 GATTCGAGCTCAATTCTCTTAGGATTCGA 

CL124 ACP5 Fwd EcoRI GATGTGAATTCATGCCCGAGCCCGCAGCG 

CL125 ACP5 Rev PstI GTTTACTGCAGCGGCTCGGGTGTGGCG 

CL130 Aga2 Fwd NheI GGCTCGCTAGCATGCAGTTACTTCGCTGTTTTTC 

CL132 Aga2 Rev BamHI GATTCGGATCCAGCGTAGTCTGGAACGTCG 

CL133 Linker 2 PstI Fwd GTTTACTGCAGCCCGGGGGTGGAGGTAG 

CL134 Linker 2 NheI Rev GGCTCGCTAGCAGGCCTACCTGATCCAGAACCA 

CL144 ACPp Fwd NheI GGCTCGCTAGCATGAGCACTATCGAAGAACGCG 

CL145 ACPp Rev BamHI GATTCGGATCCCGCCTGGTGGCCGTT 

CL148 ACP6 KO SDM FWD CCGAGCTCGGCTTCGACGCGCTGACCGCGGTCGGG 

CL149 ACP6 KO SDM REV CCCGACCGCGGTCAGCGCGTCGAAGCCGAGCTCGG 

CL193 ACPFlu1 Fwd2 NheI GGCTCGCTAGCCTGACCGGACTACCGGC 

CL203 ACPFlu1 Rev2 BamHI GATTCGGATCCGGTGACACGCTGGAGCAG 

CL206 ACP2 NheI Fwd GGCTCGCTAGCCTGCGCGACCGGCTG 

CL207 ACP2 BamHI Rev GATTCGGATCCATCGCCGTCGAGCTCCC 

CL210 KirCII T179X Fwd 

GGAGCCGGACGCGGTGNNKGGGCACAGCATGGGCGA

G 

CL211 KirCII T179X Rev CTCGCCCATGCTGTGCCCMNNCACCGCGTCCGGCTCC 

CL226 Error Forward Primer 

CGACGATTGAAGGTAGATACCCATACGACGTTCCAGA

CTACGCTCTGCAG  

CL227 Error Reverse Primer CAGATCTCGAGCTATTACAAGTCTTCTTCAGAAATAA
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GCTTTTGTTC 

CL244 KirCII D176A Fwd GTTGGCGGGTGGAGCCGGCCGCGGTGACCGGGCAC 

CL245 KirCII D176A Rev GTGCCCGGTCACCGCGGCCGGCTCCACCCGCCAAC 

CL246 KirCII I186AFwd CACAGCATGGGCGAGGCCTCCGCCGGGTACGCG 

CL247 KirCII I186A Rev CGCGTACCCGGCGGAGGCCTCGCCCATGCTGTG 

CL248 KirCII S187A Fwd GCATGGGCGAGATCGCCGCCGGGTACGCGG 

CL249 KirCII S187A Rev CCGCGTACCCGGCGGCGATCTCGCCCATGC 

CL250 KirCII G189A Fwd GGCGAGATCTCCGCCGCGTACGCGGCCGGAGCG 

CL251 KirCII G189A Rev CGCTCCGGCCGCGTACGCGGCGGAGATCTCGCC 

CL252 KirCII I214A Fwd CCTGCTGCGGCGGGCCGCCGGCCGG 

CL253 KirCII I214A Rev CCGGCCGGCGGCCCGCCGCAGCAGG 

CL254 KirCII M277V Fwd GGCGTCTACTGCCGGGTGGTGCGGGGTACGG 

CL255 KirCII M277V Rev CCGTACCCCGCACCACCCGGCAGTAGACGCC 

CL256 KirCII V278A Fwd GTCTACTGCCGGATGGCGCGGGGTACGGTCGC 

CL257 KirCII V278A Rev GCGACCGTACCCCGCGCCATCCGGCAGTAGAC 

CL258 KirCII 279A Fwd CTACTGCCGGATGGTGGCGGGTACGGTCGCCTC 

CL259 KirCII 279A Rev GAGGCGACCGTACCCGCCACCATCCGGCAGTAG 

CL260 KirCII S286A Fwd CGGTCGCCTCGCACGCCCACTACGTCGACG 

CL261 KirCII S286A Rev CGTCGACGTAGTGGGCGTGCGAGGCGACCG 

CL262 KirCII H287A Fwd GTCGCCTCGCACAGCGCCTACGTCGACGAACTG 

CL263 KirCII H287A Rev CAGTTCGTCGACGTAGGCGCTGTGCGAGGCGAC 

CL264 KirCII Y288A Fwd GCCTCGCACAGCCACGCCGTCGACGAACTGCG 

CL265 KirCII Y288A Rev CGCAGTTCGTCGACGGCGTGGCTGTGCGAGGC 

CL266 KirCII T179V M183Q Fwd GTGGTCGGGCACAGCCAGGGCGAGATCTCCGCC 

CL267 KirCII T179V M183Q Rev GGCGGAGATCTCGCCCTGGCTGTGCCCGACCAC 

ZY1 FluAT1small-NcoI-FOR AGCTTCCCATGGGGGATGCGGTGCTGGTGTTCCCCG 

ZY2 FluAT1small-NotI-REV AGCTTCGCGGCCGCTGCGGTGAACGCCTCGCCC 
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Appendix B. Chapter 2 Supplemental Figures 

 

 

Figure A1. Chemoenzymatic synthesis of malonyl-CoA analogs. HPLC chromatograms of 

azidoethyl, propargyl, allyl, ethyl, and methyl reactions with MatB T207S/M306I.  

 

 

 




























































