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ABSTRACT OF THE DISSERTATION 

Leveraging Post-Translational Phosphopantetheinylation as a Versatile Biochemical Tool 

 

by 

Nicolas M. Kosa 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2013 

Professor Michael D. Burkart, Chair 

 

 Phosphopantetheine (PPant) transfer from coenzyme A (CoA) to carrier protein (CP) is a 

necessary post-translational modification required for much natural product biosynthesis. Since 

this enzymatic modification is essential to many pathogens, high-throughput detection of 

phosphopantetheinyl transferase (PPTase) activity in a fluorescence polarization format enables 

methodology to identify new antimicrobial compounds. The ability of the PPTase to utilize 

fluorescent analogs of phosphopantetheine and the CoA from which it is derived is critical to 

activity detection. However, the utility of appending phosphopantetheine labels extends past the 

application of fluorophores to a CP. Many other types of labels can be appended to a 

phosphopantetheine and attached to CP and short peptide substrates, such as affinity groups, 

substrate mimics, and crosslinking agents, all enabling various novel biochemical applications. 

Until recently, the facile removal of natural and synthetic PPant from CP was not possible. 

However, with the characterization of a stable acyl carrier protein hydrolase (AcpH) 

phosphodiesterase from the bacteria Pseudomonas aeruginosa, reversible labeling of the acyl 

carrier protein (ACP) was enabled, allowing new bioconjugation methods to label and regenerate 

both native and fusion CP. Further work with new AcpH homologs from the bacteria 

Pseudomonas fluorescens and cyanobacteria Cyanothece sp. PCC 7822 reveal enzymes with 

superior kinetic parameters and CP substrate promiscuity extending to small peptide activity. 
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Leveraging post-translational phosphopantetheinylation as a versatile biochemical tool 

The post-translational modification (PTM) of naturally produced proteins provides a 

myriad of options for cellular functionalization and control that are not offered by the unmodified 

protein. Many examples of PTMs include phosphopantetheinylation,
1
 phosphorylation,

2
 

acylation/alkylation,
3, 4

 glycosylation,
5
 and many others (Figure 1).

6
 These PTMs may be 

leveraged in vitro in support of useful bioconjugation applications. The focus of our research lies 

in the elucidation of phosphopantetheine addition to and removal from various natural and 

synthetic substrates as a means to develop new drugs, diagnostics, and biochemical techniques.  

Carrier proteins (CP) serve as a tethering point for the stepwise addition of substrates 

used in the creation of a range of products including fatty acids, antibacterials, anticancer drugs, 

and virulence factors (Figure 2).
1
 Phosphopantetheinyl transfer occurs naturally via the 

phosphopantetheinyl transferase (PPTase) appending 4’-phosphopantetheine (PPant) from 

coenzyme A (CoA), thereby activating the functional CP unit of natural product biosynthetic 

pathways (Figure 3a).
1
 However, the biochemical transfer of phosphopantetheine to the CP 

substrate is not limited to CoA. Modified versions of CoA including natural moeities like acyl/ 

malonyl starters may be appended to the PPant, as well as synthetic functional groups.
7
 

Research pioneered in the Burkart laboratory pursues the study of this biosynthetic machinery by 

implementing a plethora of synthetic PPant analogs integrating fluorophores (Figure 3b), 

substrate mimics, affinity groups, and crosslinking agents.
8-13

 

Our lab began looking at PPTases as drug targets due to the essential nature of CP 

activation in certain diseases. In particular, Sfp-type PPTases, named after Sfp PPTase from the 

surfactin biosynthesis pathway in Bacillus subtilis, are implicated in primarily activating the natural 

product pathways specific to virulence in target organisms.
14-17

 By utilizing fluorescent modified 

CoA (mCoA) substrates and a recent novel minimal CP peptide, the first  

 

 



2 

 

 

Figure 1. Post-translational protein modifications. A large variety of chemical appendages may 
be conjugated to proteins post-translationally both in vivo and in vitro. 

 

Figure 2. Carrier protein role in natural product biosynthesis. The carrier protein (CP) subunit 
servers as a tethering point for growing natural products through its free thiol added with the 
pantetheine moiety. CP act in conjunction with other modifying domains such as ketosynthase 
(KS), acyltransferase (AT) and thioesterase (TE) to elicit product formation. Many biologically 
relevant molecules are produced through the action of CP, such as antibiotics (surfactin) and 
virulence factors (mycolic acid and pyoverdine).  
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high-throughput screening (HTS) assay targeting the Sfp-type PPTase arose utilizing Förster 

resonance energy transfer (FRET) detection techniques (Figure 4).
10, 18, 19

 However, this assay 

was not easily transferred to PPTases specifically derived from virulent organisms or from 

humans due to incompatibility with the minimal CP peptide.
20

 Our transition to a fluorescence 

polarization format maintains high-throughput capability and functions with any PPTase 

demonstrating activity with mCoA, while allowing use of a variety of different intact CP substrates 

more comparable to natural targets (Figure 5). Fluorescence polarization detection of PPTase 

activity serves as a springboard for the detection and optimization of compounds necessary for 

discovering the next generation of antibiotics, as well as a facile detection method for evaluating 

target specificity and interference with the equivalent human PPTase enzyme.
20

 More recently, 

this assay has been implemented alongside structural analysis of the Mycobacterium tuberculosis 

PPTase in our lab, which demonstrates an important role in organism virulence in ex vivo and in 

vivo studies.
15

 

Phosphopantetheine labeling also possesses myriad uses outside of immediate drug 

development. CP labeling with PPant, conjugated to a tag of choice by a PPTase, represents one 

of the most flexible covalent protein labeling methods, as illustrated by its application in tagging 

minimal-ACP peptides,
21, 22

 bio-gel formation
23

 and ACP-dependent protein immobilization.
24

 The 

labeling of ACP and ACP fusion proteins with PPant analogs is also successfully leveraged for 

visualization,
9, 25

 isolation,
9
 functional

11
 and structural

12
 studies of CP–dependent biosynthetic 

enzymes. While an enzyme had been previously identified in E. coli that is capable of PPant 

hydrolysis from acyl carrier protein (ACP), study of this ACP hydrolase (AcpH) proved difficult due 

to instability and poor expression.
26, 27

 More recently, a homolog of this enzyme was discovered in 

P. aeruginosa that proved more amenable to study.
28

 Our study of this P. aeruginosa AcpH 

yielded the discovery that AcpH could efficiently and completely remove a variety of PPant labels 

from ACP, including fluorescent probes and hydrocarbon acyl chains.
29

  

This new technique proved suitable for reversibly labeling free ACP or another protein 

fused to ACP, such as luciferase, green fluorescent protein, or maltose binding protein.
29
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Figure 3. The PPTase reaction accommodates coenzyme A modification. Phosphopantetheine is 
transferred to a conserved serine on an apo-carrier protein (CP) through the action of a PPTase, 
generating the holo-carrier protein and phosphoadenosine phosphate (PAP). PPTases may also 
accommodate analogs of CoA (mCoA) possessing modified pantetheine. 

 

Figure 4. Sfp PPTase high-throughput assay utilizing small peptide. The first high throughput 

assay for a PPTase utilized Sfp from B. subtilis and the 11-amino acid Ybbr substrate. The 

flexibility of the peptide labeling reaction allowed for fluorescent modification of both the Ybbr and 

CoA substrate to allow FRET detection methods. 
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After establishing a basis for AcpH compatibility with various PPant labels (Figure 6), we realized 

the need for characterizing the CP component of the reaction in more detail. We observed that 

while the Sfp PPTase was able to label practically any CP, the AcpH did not demonstrate the 

same substrate flexibility with regard to the CP. Particularly, we noticed that AcpH demonstrated 

preference for ACPs from bacterial type II fatty acid synthesis (FAS). Thus, we set out to 

characterize CPs not only from FAS pathways, but also polyketide synthesis (PKS) and non-

ribosomal peptide synthesis pathways (NRPS) in order to test the limits of this enzyme. 

Additionally, we realized that there was significant sequence variation displayed in AcpH 

homologs annotated in other bacteria, as demonstrated by the differences of E. coli versus P. 

aeruginosa AcpH. While expanding our CP substrate analysis, we also identified additional 

annotated AcpH homologs in Pseudomonas fluorescens, Shewanella oneidensis, and 

Cyanothece PCC 7822. Our analyses of these new AcpH targets with various carrier proteins 

confirmed a preference for FAS ACP, but also highlighted a capability for activity with PKS ACP 

and even NRPS peptidyl CP (PCP) to a lesser extent. While the hypothetical AcpH homolog from 

S. oneidensis was inactive, two of the newly studied AcpH homologs from P. fluorescens and 

Cyanothece PCC 7822 demonstrated not only dramatically improved kinetic rates with ACP 

versus the originally characterized P. aeruginosa variant, but also the capacity for activity with 

minimal CP peptide Ybbr. 

The discovery of AcpH function with the Ybbr substrate is substantial, as the reversible 

labeling of small peptides is central to ongoing research to pioneer novel bioconjugation methods 

(Figure 7). Several varieties of peptides can be modified with a variety of unnatural labels via 

sortase,
30

 farnesyl transferase,
31

 transglutaminase,
32

 or phosphopantetheinyl transferase.
21, 22

 

However, each of these labeling methods faces corresponding specific drawbacks. Sortase 

conjugation is reversible, but is equilibrium driven and thus has large substrate requirements for 

creating homogenous product. Farnesyl transferase possesses reasonable kinetics and unnatural 

label accomodations, but is not truly reversible and allows only C-terminal labeling of peptides. 
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Figure 5. A flexible fluorescence polarization PPTase assay. Plane polarized light is used to 
excite a mixture of apo-carrier protein (CP) and fluorescently-tagged coenzyme A (mCoA). 
PPTase-dependent transfer of the fluorophore to a larger CP results in slowed fluorophore 
rotation and increases emission of plane-polarized light. Fluorescence polarization improves upon 
existing high-throughput PPTase assay methods by allowing substitutions with different PPTase 
and CP. 

 

 

Figure 6. Various phosphopantetheine analogs removed by AcpH. Acyl carrier protein hydrolase 

is able to remove a variety of different tested phosphopantetheines from acyl carrier protein.  

  

depolarized 
emission 

polarized 
emission 
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Transglutaminase is widely implemented in the food industry to solidify edible proteins, but only 

allows the crosslinking of peptides and is not easily or specifically reversed. 

Phosphopantetheinylation of the 11-amino acid Ybbr has proven to be quite flexible in terms of 

Ybbr placement practically anywhere in a fusion protein, as well as on solid surfaces. Additionally, 

chemical synthesis of pantetheine analogs allows a shortcut to facile generation of unnatural 

labels of interest for appending to the peptide.  

Until now, the primary drawback of Ybbr PPant labeling was the lack of a specific 

enzymatic removal. Considering that existing peptide reversible labeling systems possess 

significant limitations,
31

 our identification of AcpH activity with the Ybbr peptide enables the 

transfer of our reversible, site-specific labeling method to an even wider variety of applications. 

However, before this reversible peptide-labeling can become a truly entrenched method, it must 

first be optimized. Considering the Ybbr peptide sequence was originally discovered specifically 

for PPant addition using the enzyme Sfp from B. subtilis, it is likely that the PPant removal 

reaction could itself be optimized for AcpH. In order to accomplish this, the project continues with 

the assistance of computational learning methods to interpret the known active versus inactive 

CP sequences, and build a library of hundreds to thousands of possible minimal peptides to test 

both PPTase labeling and label removal by AcpH. This series of peptides also serves to inform 

the programming methods used to predict peptide substrates, thereby “training” the prediction 

methods. The current results generated in search of an improved scaffold for reversible PPant 

labeling are encouraging, and promise a bright future for bioconjugation technology.  
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Figure 7. Current methods for peptide labeling. Various peptide labeling techniques include the 
equilibrium-driven sortase (a), the unidirectional farnesyl transferase (b), the unidirectional 
transglutaminase (c), and the newly site-specific and reversible phosphopantetheinyl transfer (d). 

  

a. 

b. 

c. 

d. 
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Fluorescent techniques for discovery and characterization of phosphopantetheinyl 

transferase inhibitors 

 Phosphopantetheinyl transferase (E.C. 2.7.8.-) activates biosynthetic pathways that 

synthesize both primary and secondary metabolites in bacteria. Inhibitors of these enzymes have 

the potential to serve as antibiotic compounds that function through a unique mode of action and 

possess clinical utility. Here we report a direct and continuous assay for this enzyme class based 

upon monitoring polarization of a fluorescent phosphopantetheine analog as it is transferred from 

a low molecular weight coenzyme A substrate to higher molecular weight protein acceptor. We 

demonstrate the utility of this method for the biochemical characterization of phosphopantetheinyl 

transferase Sfp, a canonical representative from this class. We also establish the portability of 

this technique to other homologs by adapting the assay to function with the human 

phosphopantetheinyl transferase, a target for which a microplate detection method does not 

currently exist. Comparison of these targets provides a basis to predict therapeutic index of 

inhibitor candidates and offers a valuable characterization of enzyme activity.  

Introduction 

Antibiotic resistance is a persistent threat to modern medicine that contributes to 

increasing mortality statistics in both developed and underdeveloped countries. The top threats 

currently challenging worldwide healthcare efforts include multidrug resistant (MDR) and 

extensively drug-resistant (XDR) Mycobacterium tuberculosis
1
 and methicillin resistant 

Staphlyococcus aureus (MRSA).
2, 3

 In addition to these noxious agents, Vibrio cholera,
4
 

Pseudomonas aeruginosa,
5
 Staphylococcus pneumonia,

6
 and bacteria responsible for 

meningococcal meningitis
7
 have recently shown an increased capacity to resist current drug 

regimens.   While industry has found some success though augmentation of known 

pharmacophores to circumvent resistance mechanisms, the development of new chemical 

entities that act on novel drug targets opens new avenues to antimicrobial development and 

extends the efficacy of existing therapeutics.  
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Among bacterial and fungal targets that are currently unaddressed in the clinic, Sfp-type 

phosphopantetheinyl transferases (Sfp-PPTases) have received much attention recently for their 

involvement in the virulence of many pathogenic bacteria
8-11

 and fungi.
12, 13

  Representative 

virulence factors from these organisms include mycolic acid and mycobactin in M. tuberculosis,
14, 

15
 pyoverdine in P. aeruginosa,

16
 mycolactone in M. ulcerans,

17
 vibriobactin in V. cholera,

18
 and 

yersiniabactin in Y. pestis.
19

 In addition to the manufacture of these compounds,  Sfp-PPTases 

possess the additional capability to activate primary metabolism if the AcpS-PPTase gene 

becomes lost or inactivated,  an event illustrated by genetic knockout Streptomyces coelicolor  

and Bacillus subtilis case studies
20, 21

  and observed naturally in Pseudomonas spp. 
10, 22

   

To test hypotheses concerning the association of Sfp-PPTases with bacterial virulence, 

we have begun a campaign to identify inhibitors of Sfp from B. subtilis, the canonical 

representative and namesake of this enzyme class. During this work, we have found it necessary 

to assess compound cross-reactivity with the human PPTase (hPPTase),
23

 where inhibitory 

action could induce mitochondrial damage and present a liability of mechanism-based toxicity. 

Herein, we detail the challenges encountered when adapting our established screening assay
24

 

for use with the human PPTase. To address this issue, we have developed a novel fluorescent 

polarization assay that monitors the complete process of the PPTase reaction. This new 

technique directly detects the incorporation of a fluorescent phosphopantetheinyl appendage onto 

a whole-protein product. We demonstrate the ability of this assay to biochemically characterize 

Sfp-PPTase, adapt the detection format to function with the human enzyme, and demonstrate 

that this methodology can reliably report the inhibitory activity of test compounds toward this 

critical anti-target in order to predict therapeutic index of inhibitor candidates. 

Materials & Methods 

General 

Glassware and stir bars used in synthetic techniques were oven dried. General purpose 

solvents were ACS grade unless otherwise noted. Solvents used for HPLC were HPLC-grade 
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only. Tandem HPLC/ESI-MS analysis was performed on a Waters HPLC (Waters Corporation, 

Milford, MA) using an XBridge C18 2.5 μm 3.0 x 50 mm (Waters Corporation, Milford, MA) 

column, running on a gradient method using acetonitrile and water  with 0.1% formic acid. A 

MicroMass ZMD (Waters Corporation, Milford, MA) electron spray injection mass spectrometer 

was in line with the HPLC. All protein concentrations were determined using UV absorbance. 

Rhodamine-CoA concentration was quantified through serial dilution and comparison of 

fluorescence (485 nm / 595 nm excitation / emission) to a 100 μM rhodamine-CoA standard stock 

using a HTS 7000 plus Bioassay Reader (Perkin Elmer, Waltham, MA). Rhodamine-CoA was 

prepared as previously described
25

 and subjected to LC/MS analysis for product confirmation 

(Supplementary Figure 1).  

Recombinant protein expression 

Sfp in pET29b (Novagen, La Jolla, CA),
26

 VibB in pET24b (Novagen, La Jolla, CA),
27

 

ActACP in pET24b,
28

 and the 90 amino acid ACP (hACP) from human fatty acid synthase (EC 

2.3.1.85) synthesized in a pJexpress401vector (DNA2.0, Menlo Park, CA) were transformed, 

expressed and purified using BL-21(DE3) E. coli cultured with rotary shaking at 37°C in lysogeny 

broth containing kanamycin (50 µg/mL). Native Sfp was prepared as previously described.
29

 

When the optical density (OD) reached 0.6, expression was induced by the addition of Isopropyl-

β-D-1-thiogalactoside (IPTG) to a concentration of 1 mM, for a period of 4 hours at 37°C for Sfp, 

ActACP, hACP-containing cells and overnight at 16°C for VibB. hPPTase was cultured at 37°C in 

LB with 25 μg/mL chloramphenicol in TOP10 E. coli (Life Technologies, Grand Island, NY).  Upon 

reaching OD of 0.6, 1 mM IPTG was added to induce hPPTase protein expression overnight at 

16°C with shaking.  Recombinant cell cultures were centrifuged at 2000 rpm for 30 minutes, with 

cell pellets frozen at -20°C until use. 

Protein purification 

 Cells thawed on ice were re-suspended in lysis buffer [50 mM TrisCl pH 8.0, 500 mM 

NaCl, 1 mM DTT, 5 μg/mL DNase I & 5 μg/mL RNAse A, 0.1 mg/mL lysozyme and lysed with 

http://enzyme.expasy.org/EC/2.3.1.85
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either French pressure (Thermo Electron Corp/Thermo Scientific, Waltham, MA) or Model#110 F 

microfluidizer (Microfluidics Corporation, Newton, MA). Cell debris was cleared by centrifugation 

for 45 minutes at 10,000 g at 4°C. Soluble protein extracts were decanted and subjected to IMAC 

using Ni-NTA resin. Fractions containing the purified target proteins were dialyzed against 50 mM 

TrisCl pH 8.0, 500 mM NaCl, 1 mM DTT, the dialysate concentrated using Amicon-Ultra 

centrifugal filters (Millipore, Billerica, MA) appropriate for the target protein’s molecular weight. 

Samples were flash frozen and stored at -80°C until use. Protein samples were evaluated for 

purity by SDS-PAGE (Supplementary Figure 2) and concentrations were determined using UV 

spectroscopy at 280 nm with calculated extinction coefficients
30

: Sfp = 28880 M
-1

cm
-1

, hPPTase = 

56950 M
-1

cm
-1

, VibB = 48930 M
-1

cm
-1

, hACP = 1490 M
-1

cm
-1

, ActACP = 2980 M
-1

cm
-1

.  

FRET-based PPTase assay 

 PPTase labeling activity of FITC-YbbR was determined using previously reported 

procedures.
24

 The final buffer composition includes 50 mM HEPES pH 7.6, 10 mM MgCl2, 1 

mg/mL BSA, 0.01% Tween-20, and 10% DMSO. Briefly,  10 μL of 25 μM FITC-Ybbr & 25 μM 

rhodamine-CoA was added to 5 μL DMSO in a 96-well Costar cat no. 3694 black 96-well plate 

(Corning, Lowell, MA), and the reaction initiated by the addition of 35 μL enzyme solution (buffer 

blank, 37 nM Sfp, 143 nM hPPTase). Raw fluorescence units were acquired at 492 nm excitation 

and 535 nm emission using a HTS 7000 plus Bioassay Reader (Perkin Elmer, Waltham, MA). 

Crypto- VibB, hACP, & ActACP  preparation 

A crypto-VibB standard was prepared via reaction of 50 μM (30 nmol) apo-VibB  with 220  

μM (110 nmol) rhodamine-CoA in 0.5 mL in 50 mM HEPES pH 7.5, 10 mM MgCl2 and 20% 

glycerol with 200 nM native Sfp at 37ºC for 24 hours. Crypto-VibB was re-purified using Ni-NTA 

chromatography, desalted with PD-10 column (GE Healthcare BioSciences, Pittsburgh, PA) into 

desalt buffer [50 mM TrisCl pH 7.5, 250 mM NaCl, 10% glycerol], and spin-concentrated with a 

0.5 mL 3 kDa MWCO Amicon-Ultra filters. 
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Crypto-hACP standard was prepared via 16 hour reaction at 37°C of 130 μM (33 nmol)  

apo-hACP with 270 μM (66 nmol) rhodamine-CoA in 0.25 mL in 50 mM HEPES pH 7.5, 10, 

MgCl2, with 1 mM DTT and 200 nM native Sfp. Crypto- hACP was repurified using Ni-NTA 

chromatography, desalted into desalt buffer with 0.1 mM additional DTT, and spin-concentrated 

with a 0.5 mL 3 kDa MWCO Amicon-Ultra filter.  

Crypto-ActACP was prepared via 16 hour reaction at 37°C of 150 μM (60 nmol)  apo-

hACP with 300 μM (120 nmol) rhodamine-CoA in 0.4 mL in 50 mM HEPES pH 7.5, 10, MgCl2, 

and 200 nM native Sfp. Crypto-ActACP was repurified using Ni-NTA chromatography, desalted 

into desalt buffer, and spin-concentrated with a 0.5 mL 3 kDa MWCO Amicon-Ultra filter.  

SDS-PAGE confirmed rhodamine-labeling of carrier proteins (Supplementary Figure 

3a). Quantification of the concentrated crypto- carrier proteins was performed through serial 

dilution and comparison of fluorescence (485 nm excitation & 595 nm emission) to a 100 μM 

rhodamine-CoA standard stock on a HTS 7000 plus Bioassay Reader (Perkin Elmer, Waltham, 

MA). 

Linear dilution of crypto- carrier proteins analyzed by fluorescence polarization 

 Crypto- VibB and ActACP were prepared in 50 mM TrisCl pH 8 at 10 μM with and without 

1 mg/mL BSA for 100% labeled sample. Apo- VibB and ActACP at 10 μM with and without 1 

mg/mL BSA were prepared with 10 μM free rhodamine-CoA as the 0% labeled sample. An 11-

point linear dilution was prepared by combining the crypto- and apo- carrier protein mixtures in a 

50 μL volume in Costar cat. no 3694 black 96-well plates (Corning, Lowell, MA) to give 0.5 μM 

increments of crypto from 0-10 μM. 

Removal of coenzyme A from Sfp enzyme preparation 

One aliquot of Sfp preparation was treated with calf intestinal phosphatase (CIP) 

(Worthington Biochemicals, Lakewood, NJ) to remove pre-bound CoA for comparison to 

untreated PPTase dissociation constants. CIP (100 U at 3800 U/mL) was added to Sfp (10 mg) in 
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5 mL 50 mM TrisCl pH 8, 250 mM NaCl, 10% glycerol, 10 mM MgCl2, along with a sufficient 

quantity of nickel resin (1.5 mL bed volume) for binding. Incubation of the mixture proceeded with 

gentle rocking at room temperature. Nickel resin was washed with 50 mM MES pH 6.2, 500 mM 

NaCl, 10% glycerol, 1 mM CaCl2 and then eluted with 300 mM imidazole in the same MES buffer 

as the wash. The resultant apo-Sfp was buffer exchanged with a centrifugal filter prior to use by 

concentrating the protein to 0.5 mL with a 10 kDa MWCO spin filter (EMD Millipore, Billerica, MA), 

and adding previous MES buffer without imidazole to 5 mL, mixing, and concentrating to 0.5 mL 

again. This cycle was repeated 3 times to reduce imidazole to a trivial concentration. Incubation 

of CIP-treated and untreated Sfp with apo-ACP from E. coli demonstrates effective re-purification 

(Supplementary Figure 4a) and removal of coenzyme A from Sfp preparation (Supplementary 

Figure 4b). 

Determination of PPTase dissociation constant, KD 

The dissociation constant  that the PPTase enzymes exhibit for Rhodamine-CoA was 

performed similarly to existing methods.
31

 Briefly, a 1:2 serial dilution   of PPTase in 50 mM 

HEPES pH 7.6, 0.01% Tween-20, 10 mM MgCl2 was conducted across 11-points with a blank 

lacking PPTase. This enzyme serial dilution was pipetted in triplicate volumes of 25 μL into three 

rows of a 96-well plate containing 25 μL of 50 nM Rhodamine-CoA in the same buffer  to give a 

range of 100 – 0.10 μM top final [hPPTase] and 86 – 0.08 μM top final [Sfp]. After mixing, plates 

were incubated for 20 minutes at room temperature, centrifuged 2 minutes at 2000 rpm, and 

measured using described fluorescence polarization parameters.  

Data analysis 

 Dissociation constant (KD) calculations for PPTases were performed by converting 

polarization values into anisotropy, and using JMP 10 (SAS Institute Inc., Cary, NC) software to 

obtain nonlinear fits with equations 1 and 2 used previously.
31

 

      
       (     )  

  (   )   
    (1) 
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              √(           )        

    
  (2) 

Raw data points and nonlinear regression were then plotted in GraphPad Prism 5.00 

(GraphPad Software, La Jolla, CA). For IC50 determination, raw data were normalized by setting 

0% activity to sample wells lacking PPTase, and 100% activity to sample wells that received 

control vehicle. Resulting percent activities were fitted to the 4-parameter Hill equation in 

GraphPad Prism.  Dose-response curves that exhibited prominent activation or no response were 

labeled as inactive for the purposes of discussion. 

Fluorescence-polarization-based phosphopantetheinylation assay 

Activity assays were performed in Costar cat. no 3694 black 96-well plates (Corning, 

Lowell, MA) in a buffer containing 50 mM Sodium-HEPES, 10 mM MgCl2, 1 mg/mL BSA, 10% 

DMSO, 0.01% Tween-20. PPTase in the assay is used at concentrations of 100 nM while 

measuring inhibitor response, and 5 nM for kinetic evaluation at various pH conditions. 

Substrates rhodamine-CoA and carrier protein (VibB or hACP) are present for all analysis at 

concentrations of 5 μM and 10 μM, respectively. Microwell reaction final volumes are 50 μL, 

evaluated at 45 minute time points for Sfp and hPPTase.  

Evaluation of PPTase dilution labeling with fluorescence polarization 

 Sfp and human PPTase were diluted to 1.43 μM in 1.43X reaction buffer (72 mM Sodium-

HEPES, 14.3 mM MgCl2, 1.43 mg/mL BSA, 0.0143% Tween-20), and subjected to an 11-point 

1:2 serial dilution into 1.43X reaction buffer. PPTase serial dilution (1430-1.4 nM, 35 μL) was then 

added to 5 μL DMSO blank and incubated at room temperature for 10-15 minutes. Reactions 

were initiated with the addition of 10 μL substrate mix (25 μM rhodamine-CoA & 50 μM VibB or 

hACP), centrifuged 2 minutes at 2000 rpm, and analyzed in kinetic mode for 70 minutes with 

previously mentioned fluorescence polarization setup (Supplementary Figures 5 & 6). 

Detergent and DMSO evaluation with fluorescent polarization 
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Sfp and human PPTase were diluted to 143 nM in 1.43X reaction buffer (72 mM Sodium-

HEPES, 14.3 mM MgCl2, 1.43 mg/mL BSA) with 0.0143% Tween-20, Triton X-100, NP-40, or no 

detergent. PPTase (143 nM, 35 μL) was then added to 5 uL DMSO or milliQ water and incubated 

at room temperature for 10-15 minutes. Reactions were initiated with the addition of 10 μL 

substrate mix (25 μM rhodamine-CoA & 50 μM VibB or hACP), centrifuged 2 minutes at 2000 

rpm, and analyzed in kinetic mode for 70 minutes with previously mentioned fluorescence 

polarization setup (Supplementary Figure 7 & 8).  

PPTase pH-dependence with fluorescence polarization 

 Kinetic analysis of Sfp and hPPTase activity at various pH conditions was carried out 

similarly to the regular fluorescence polarization reaction conditions, but with lower final PPTase 

concentrations of 5 nM and various buffers. Buffers were prepared as 10X solutions at 500 mM 

with 100 mM MgCl2, adjusted to pH with HCl or NaOH, and diluted with milliQ water. Sodium 

acetate (anhydrous) served as the pH 4.5 and 5.0 buffers. MES (free acid) served as the pH 5.5, 

6.0, and 6.5 buffers. HEPES (sodium salt) served as the pH 7.0 and 7.5 buffers. Tris (base) 

served as the pH 8.0, 8.5, and 9.0 buffers. The 10X buffers were otherwise prepared and 

implemented as fluorescence polarization assay conditions describe. Samples were evaluated 

with 10% DMSO and the same substrate concentrations as the described fluorescence 

polarization assay conditions. Data analysis utilized the crypto-VibB (Supplementary Figure 3b) 

and hACP standards (Supplementary Figure 3c) prepared at 5, 2.5, 1.25, and 0 μM crypto- 

carrier protein concentrations to calculate activity from raw polarization over a 70 minute period. 

Linear fits from crypto- standards allowed calculation of activity from the earliest time-points to 

provide non-negative activities, typically ranging from 5-10% substrate consumption.  

Statistical analysis 

Statistical values including Z’ value were calculated for the fluorescence polarization 

assay using triplicate samples (n=3) to gauge its suitability for high-throughput screening 

applications, in which the standard deviation (σ) and the signal (μ) in milli-polarization or mP units 
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for both bound (covalently attached rhodamine-VibB product) and unbound (mixture of unreacted 

rhodamine-CoA and apo-VibB carrier protein). 

     
(             )

|         |
   (3) 

SDS-PAGE vs. fluorescence polarization signal comparison 

 Crypto-VibB standard linear dilutions were prepared at 50 μL volumes in Costar 3694 

96-well plate in 50 mM TrisCl and 100 mM EDTA pH 7.0 in 0.5 μM increments from 0 μM to 5 μM, 

and supplemented with free rhodamine-CoA to a total crypto-VibB + rhodamine-CoA 

concentration of 5 μM to represent product completion in 10% increments. Fluorescence 

polarization was evaluated in the GenioS Pro plate reader (Tecan Systems Inc, San Jose, CA) at 

535 nm polarized excitation and 580 nm polarized emission filters with a gain of 40 and g-factor 

of 0.76. These samples were then removed from the microtiter plate, diluted 1:10 in 50 mM TrisCl 

and 100 mM EDTA, an equal volume of 2X SDS-PAGE loading dye added, and heated to 70°C 

for 5 minutes. 10 μL of each sample loaded onto each lane of a 12% SDS-PAGE gel. The 

resulting gels were fixed 30 minutes in 40% methanol & 10% acetic acid, washed in warm milliQ 

water, and visualized on a Typhoon TRIO Variable Mode Imager (GE Healthcare BioSciences, 

Pittsburgh, PA)  at 50-μm resolution with 532 nm green laser excitation and 580BP30 nm 

emission filter and  a photomultiplier tube setting of 500. Gel image data was collected as a .gel 

file format and crypto-VibB protein bands were quantified using ImageJ software (NIH, Bethesda, 

MD), utilizing integrated pixel density, background subtraction from fluorescent protein bands and 

fixed scan regions. Signal data collected allowed comparison of FP data to gel data over 

increasing percent carrier protein labeling, as well as calculating a ratio of integrated pixel density 

to polarization units. Gel staining was also performed for validation of the fluorescent gel data. 

Synthesis of 2’-deoxyadenosine-3,5-bisphosphate (2’-deoxy-PAP)  

 2’-deoxyadenosine-3,5-bisphosphate was prepared according to existing methodology.
32

 

Briefly, 2’-deoxyadenosine (270 mg, 1 mmol, Spectrum, Gardena, CA) and proton sponge (1 g, 5 
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mmol, Sigma, St. Louis, MO) were dried overnight over phosphorus pentoxide and subsequently 

transferred to a 100 mL round bottom flask with stir bar. Trimethyl phosphate (20 mL, 170 mmol) 

was added, and sealed with a septum under argon, stirring 5 minutes. The reaction was initiated 

with addition of phosphorus oxychloride (380 μL, 4 mmol, EMD Millipore, Billerica, MA) and was 

stirred on ice for 2 hours. The reaction was quenched by addition of triethyl ammonium 

bicarbonate (20 mL, 125 mmol, pH 7.5) and 30 mL milliQ water. Purification was performed with 

DEAE A-25 Sephadex (Amersham, Piscataway, NJ) rinsed with ethanol and swollen overnight in 

milliQ water. Resin was poured into a 30 x 2.5 cm column and equilibrated to the starting mobile 

phase at room temperature. Reaction mixture was loaded onto the gravity-fed column and 

separated using a gradient maker producing a gradient of approximately 0.01-0.5 M ammonium 

bicarbonate pH ~ 7.5. Fractions containing doubly-phosphorylated compound were discerned via 

normal phase TLC by lack of migration from baseline with 1:2:1 water:butanol:acetic acid mobile 

phase. Fractions containing the desired compound were combined, frozen, and lyophilized. 

Incomplete removal of solvent was followed by further concentration under centrifugation with 

vacuum. Final product was analyzed by ESI-MS (positive mode HR-ESI-FT-MS) to confirm 

desired molecular weight (Supplementary Figure 9).  

Fluorescence polarization inhibitor screen 

All inhibitors were serially diluted in DMSO and transferred in triplicate to a 96-well plate 

prior to enzyme addition. Inhibitors of Sfp from previous LOPAC screen
33

 were serially diluted and 

utilized at final top concentrations of 100 μM except SCH-202676 which was used at final top 

concentration of 50 μM. 2’-deoxy-PAP and PAP were implemented at a top final concentration of 

500 μM for both Sfp and hPPTase. Unmodified coenzyme A was used at a top final concentration 

of 500 μM and 100 μM for Sfp and hPPTase, respectively. Inhibitor in 5 μL DMSO was added to 

each well, followed by 35 μL of 143 nM Sfp in PPTase reaction buffer (72 mM HEPES pH 7.6, 

1.43 mg/mL BSA, 0.0143 % Tween-20), mixed by pipetting. Plates were incubated 10 minutes at 

room temperature, followed by addition of 10 μL substrate mix (50 μM VibB, 25 μM rhodamine-

CoA diluted into 10 mM Tris pH 8.0). Plates were centrifuged 2 minutes at 2000 rpm, and 
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acquisition began in kinetic mode for 1 hour on GenioS Pro plate reader (Tecan Systems Inc, San 

Jose, CA). 45 minute time points (post-addition) were used for IC50 calculations of test inhibitors. 

Acquisition utilized the Tecan plate reader using 535nm excitation and 580 nm emission filters.   

SCH-202676 inhibition and inactivation 

 Methods for evaluating SCH via gel-based methods utilized the following buffer 

conditions to emulate the FP assay: 50 mM Sodium-HEPES, 10 mM MgCl2, 1 mg/mL BSA, 10% 

DMSO, 0.01% Tween-20. Sfp and hPPTase were used at top final concentrations of 50 nM, and 

top final SCH-202676 at 100 μM. PPTase samples were prepared in 1.43X reaction buffer with or 

without 1 mM DTT, and 14 uL of PPTase mixture was added to 2 μL SCH in DMSO or a DMSO 

blank. Samples were incubated 10 minutes at room temperature, followed by addition of 4 μL 

substrate mix (25 μM rhodamine-CoA & 50 μM carrier protein) to initiate the reaction. PPTases 

were also evaluated following desalting to removal residual DTT from protein purification by 

desalting into respective lysis buffers without DTT/DNAse/RNase/lysozyme using a PD-10 

desalting column (GE Healthcare BioSciences, Pittsburgh, PA). Reactions were incubated 30 

minute at room temperature, then prepared immediately for electrophoresis with Urea-PAGE 

(20% polyacrylamide) by the addition of 5 μL of 5X loading dye and loading 12.5 μL of the mixture 

and running the gel for 2 hours at 160V. Gels were imaged directly after electrophoresis without 

fixing for all BSA-containing VibB (Supplementary Figure 10) and ActACP (Supplementary 

Figure 11), and after fixing for reactions without BSA containing both VibB and ActACP 

(Supplementary Figure 12). 

 Possible thiol-reactivity was also evaluated for SCH-202676 by HPLC coupled with ESI-

MS analysis. SCH-202676 was prepared at a volume of 20 μL at 200 μM in DMSO discretely, as 

well as with either 200 μM L-cysteine or 200 μM DTT. Samples were diluted with milliQ water to 

give the desired compound concentrations, as well as a final DMSO concentration of 30%. 

Samples were incubated at room temperature for 3 hours, subjected to HPLC/ESI-MS analysis 
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(Supplementary Figure 13), and compared to DTT and L-cys controls (Supplementary Figure 

14). 

Results & Discussion 

Production and qualification of PPTases 

Following the expression and purification of the proteins used in these studies, we initially 

sought to confirm the function of the hPPTase with a qualitative gel-based 

phosphopantetheinylation assay.
34

 In this experiment, we tested the ability of PPTase enzymes to 

catalyze the transfer of a fluorescent phosphopantetheinyl appendage to a diverse set of carrier 

protein (CP) domains from a rhodamine-modified coenzyme A substrate. The results of these 

experiments clearly demonstrated function of the recombinant protein, and revealed relaxed 

substrate specificity with respect to the identity of the CP substrate as well as the modified CoA 

(Figure 1). Both hPPTase and Sfp modified the ACP domains of S. coelicolor polyketide 

synthase (PKS) ActACP, human fatty acid synthase (FAS) ACP, and V. cholera vibriobactin 

peptidyl carrier protein (PCP) VibB.  

Next, we sought to implement the FRET screen that we previously described for both Sfp 

and AcpS PPTase,
24

 with the idea that the assay may be implemented for hPPTase by simple 

substitution of the enzyme. Unfortunately, we observed very low significant change in the assay 

signal after an hour at room temperature, even with 100 nM hPPTase compared to 25 nM Sfp 

relative to a buffer control (Figure 2).We can speculate that the inability of hPPTase to transfer 

easily into the FRET screen protocol may arise from required sequence specificity not matching 

the Sfp peptide substrate, a result we have observed for other PPTase enzymes (data not 

shown). Thus, we sought another method to monitor enzymatic activity. 

Design of the activity-based fluorescence polarization assay 

We reviewed the literature for methods to monitor PPTase activity; as the enzyme class 

has seen been a target of interest recently in the infectious disease research community due to   
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Figure 1. Gel-based fluorescent carrier protein labeling. We used SDS-PAGE gel analysis prior 
to implementing fluorescence polarization techniques to verify that both Sfp and human PPTase 
(hPPTase) can append rhodamine-CoA (mCoA) to three types of apo carrier proteins indicated 
by fluorescent (a) and coomassie (b) visualization. VibB represents the peptidyl carrier protein 
(PCP) from NRPS biosynthesis, human ACP represents fatty acid synthesis (FAS) pathways, and 
ActACP represents polyketide synthase (PKS) pathways 
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Figure 2. Human PPTase tested in FRET assay format. Fluorescein (FITC) conjugated to the 
minimal peptide Ybbr was subjected to PPTase activity evaluation using standard PPTase 
reaction conditions, including rhodamine-CoA. Reduction in fluorescent signal for fluorescein 
indicates rhodamine-pantetheine conjugation, and thus PPTase activity. Human PPTase 
(hPPTase) possesses poor labeling activity compared to Sfp under these conditions. 
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implication in virulence.
8-10

 While we found numerous methods, we desired a homogenous format 

free of wash steps that directly monitors the complete landscape of the phosphopantetheinylation 

reaction without relying on readouts from coupled enzyme systems. These features would 

simplify the implementation of the method in an automated setting, focus on the bisubstrate 

phosphopantetheinylation reaction instead of individual substrate binding, and minimize the 

potential for false positive hits arising through inhibition of coupling partners; characteristics that 

we required from a finalized protocol.  As such, we found the existing methods unsuitable, and 

envisioned the application of fluorescence polarization (FP) as a technique that could exploit the 

size difference between the species that phosphopantetheine is attached to in the CoA substrate 

and holo-CP product (Figure 3); a feature we have utilized routinely in gel-based PPTase activity 

detection.
20

 

Throughout the development process, we found it important to work with Sfp PPTase 

since biochemical constants and parameters, as well as orthogonal detection methods already 

exist for this enzyme. To evaluate the ability of FP to distinguish between the substrate and 

product species, rhodamine-modified crypto- VibB and ActACP, were prepared by reaction with 

the corresponding rhodamine CoA in the presence of catalytic quantities of Sfp. These two 

proteins differ by more than 20 kDa in molecular weight, and allowed a comparison in the signal 

window between the two samples to inform future applications, since the small size of stand-

alone CP-domains represents only a 10-fold increase in molecular weight vs. the corresponding 

CoA substrate. Following purification, these crypto-CP samples were used to assemble a series 

of solutions that contained a constant rhodamine fluorophore concentration, but varied by the 

degree to which the fluorescent species was attached to the protein; thus mimicking the 

enzymatic reaction at various states of conversion (Figure 4). We also compared the 

fluorescence polarization signal data for a linear dilution of crypto-VibB to its corresponding 

fluorescent gel densitometry data (Figure 5). In evaluating the data, a clear relationship was 

observed between the fluorescent polarization and densitometry data confirmed the feasibility of 

FP to detect the attachment of fluorescent phosphopantetheine arms to CP domains.  
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Figure 3. Measuring PPTase Activity with Fluorescence Polarization. Free rhodamine-CoA 
(mCoA) containing rhodamine (Rh.), phophopantetheine (PPant) and adenosine (Ad.) 
components has its rhodamine-phosphopantetheine moiety transferred from mCoA to the apo 
carrier protein by the PPTase, generating the modified crypto carrier protein. The difference in 
tumbling rates of the unreacted rhodamine-CoA, 1.3 kDa versus bound crypto-CP (34 kDa in the 
case of VibB) due to total complex size creates a stronger polarized signal for bound reaction 
fluorophore. 
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Figure 4. Crypto-VibB & ActACP linear dilution and fluorescence. Complete fluorescently labeled 
crypto- carrier proteins were linearly diluted against unlabeled carrier protein (total carrier protein 
and probe concentrations constant) to demonstrate that higher amounts of carrier protein labeling 
corresponds to higher total fluorescent polarization signal. The common enzyme-stabilizing agent 
bovine serum albumin (BSA) was also determined to not interfere significantly with polarization 
signal. 
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Figure 5. Crypto-VibB monitoring by polarization vs. gel densitometry. One particular strength of 
the fluorescence polarization assay lies in the ability to evaluate fluorescence polarization 
samples by gel electrophoresis if an EDTA quench is used to halt the reaction prior to analysis. 
Signal obtained from the same crypto-VibB (c-VibB) linear dilution scales with the percentage of 
labeling (a), as well as providing an almost static correlation above 10% labeling (b). Reference 
fluorescent gel imaging depicts the fluorescent intensity change with percent labeling (c).  
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We also evaluated PPTase and rhodamine-CoA association independently of carrier 

protein, using fluorescence polarization binding methodology instituted previously.
31

 Both Sfp and 

hPPTase demonstrated complete binding curves (Supplementary Figure 15), which were used 

to calculate dissociation constants with Equations 1 & 2. Additionally, due to previous reports 

that Sfp co-purifies with coenzyme A when expressed in E. coli,
35

 we performed a calf-intestinal 

phosphatase treatment that resulted in a shift downward in the inflection point of the Sfp binding 

curve. This result suggests that competing endogenous CoA removal increases binding response 

to rhodamine-CoA. 

Development of the FP-based assay for PPTase 

 Evaluation of suitability for high-throughput screening applications is an important 

precursor to large scale implementation of assay formats.
36 

HTS suitability is determined via the 

Z’ value calculated using Equation 3. We analyzed Sfp and hPPTase from 1 to 1000 nM with 

VibB (Supplementary Figure 5) and human ACP (Supplementary Figure 6) in order to 

determine optimal concentrations for assay implementation. The Z’ score was calculated 

throughout the reaction time course to depict Z’ data for VibB (Supplementary Figure 16) and 

hACP (Supplementary Figure 17) reactions. The lowest satisfactory Z’ value for a high-

throughput assay is 0.5, whereas values above 0.8 are considered robust.
36

 Both Sfp and 

hPPTase displayed Z’ values above 0.6 with concentrations as low as 10 nM at 30 minute time 

points with VibB. However, Z’ values were much lower for both enzymes using hACP, such that 

Sfp only displayed Z’ values near 0.6 with 125 nM and hPPTase only approached Z’ = 0.6 at the 

highest 1000 nM concentration. We present sample Z’ data for Sfp and hPPTase at 30 and 60 

minute timepoints for VibB (Supplementary Figure 1) and hACP (Supplementary Table 2). We 

reason that the lower Z’ hACP values result from the significantly smaller molecular weight of 

hACP at ~ 10 kDa giving lower signal when fluorescently labeled by the rhodamine fluorophore, 

whereas the larger VibB at ~34 kDa gives higher signal. As such, we decided that the human 

ACP was not suitable for high-throughput inhibitor evaluation and VibB would be the primary 
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screening substrate. As a compromise for further evaluation of both carrier proteins, we chose a 

working enzyme concentration of 100 nM for all other experiments unless otherwise noted.  

We evaluated the effect of 0.01% v/v detergents Tween-20, Triton-X 100, NP-40 and 

10% DMSO with respect to impact on Z’ scoring for PPTases and carrier proteins. PPTases 

evaluated with VibB (Supplementary Figure 7) displayed similar performance at or above Z’ 

scores of 0.6 at 30 minutes for all detergents, with marginally higher Z’ scores (Supplementary 

Figure 18) for 0.01% Tween-20. DMSO noticeably lowered Z’ scores for both Sfp and hPPTase 

with VibB, but maintained an acceptable Z’ score. However, analysis of hACP with these 

additives (Supplementary Figure 8) once again displayed the lowest Z’ scores over time 

(Supplementary Figure 19), only passing an acceptable Z’ score of 0.6 without DMSO at 

approximately 45 minutes. Z’ data at fixed timepoints of 30 and 60 minutes are supplied for VibB 

(Supplementary Table 3) and hACP (Supplementary Table 4). Since performance in the 

presence of DMSO is required for convenient inhibitor screening, this result disqualifies hACP for 

high-throughput screening without further optimization for increased Z’ score. 

We evaluated pH-sensitivity of Sfp and hPPTase labeling in our experimental format (Figure 6) to 

analyze the flexibility of the assay format with variable enzyme reactions. Both PPTases 

demonstrated a preference for lower pH using VibB, which corresponds to previous results with 

Sfp.
37

 Upon testing human ACP at varied pH, we noticed the same low-pH preference for Sfp, but 

hPPTase lost its high activity at lower pH with this carrier protein. We may speculate that this 

could be due to truncation of the larger multi-domain synthase to a small carrier protein could 

impact substrate specificity. To maintain consistency with our previous screening work, we chose 

to conduct our inhibition studies at a pH of 7.6 that provides more biologically-relevant 

conditions.
33

  

Applying known PPTase inhibitors to Sfp and hPPTase in FP assay 

We evaluated a panel of inhibitors against the Sfp and human PPTases (Table 1). 

Typically, phosphoadenosine phosphate (PAP) is used as a product inhibitor for PPTase activity  
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Figure 6. pH-dependent PPTase activity. Sfp and hPPTase activities were determined over a 
broad pH range with both VibB and hACP carrier proteins using rhodamine-CoA. Both PPTases 
appear to prefer slightly acidic labeling conditions, with the exception of the hPPTase/hACP 
combination. 
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Table 1. Analysis of Sfp-type PPTase standard inhibitors. We subjected Sfp and human PPTase 
to inhibitors hits from previous assay formats. The two PPTases both demonstrate inhibition with 
product inhibition analog 2’-deoxy-phosphoadenosinephosphate (2’-deoxy-PAP) as well as 
product inhibitor PAP and the competitive inhibitor coenzyme A. The compounds with previously 
identified Sfp inhibitory activity did not demonstrate any significant inhibition of human PPTase. 
However, some compounds slightly depressed human PPTase labeling, albeit not enough to 
calculate IC50 values. “NC” = not calculated. 

  

IC50 (μM) - VibB 

Compound Sfp hPPTase 

2'-deoxy-3,5-

phosphoadenosine 
11 ± 1 51 ± 1 

3,5-phosphoadenosine 7 ± 1 6 ± 1 

coenzyme A 8 ± 1 14 ± 1 

Mitoxantrone 2HCl Inactive Inactive 

benserazide HCl Inactive NC 

Bay 11-7085 Activator Inactive 

SCH-202676 HBr 0.2 ± 1 NC 

6-nitroso-1,2-

benzopyrone 
3 ± 1 Inactive 

PD 404,182 1 ±  1 Inactive 

guanidinyl-naltrindole 

ditrifluoroacetate 
Activator NC 

sanguinarine Cl 10 ± 1 NC 

calmidazolium Cl 10 ± 1 Inactive 

(-)-ephedrine 

hemisulfate 
Inactive Inactive 
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assays. In our case, we began our analysis with the analog 2’-deoxyadenosine-3,5-bisphosphate 

(2’-deoxy-PAP) (Supplementary Figure 20a) due to the ease of synthesis, production cost, and 

its relatively close IC50 to PAP in other adenosine-binding systems such as P2Y receptors.
32

 In 

these experiments, hPPTase proved to be less sensitive to 2’-deoxy-PAP inhibition (IC50 = 50 

μM) than Sfp (IC50 =11 μM). We next compared the effectiveness of the 2’-deoxy-PAP to the 

natural PAP (Supplementary Figure 20b), finding the IC50 values to be similar for Sfp at 7 μM 

and approximately an order of magnitude lower for hPPTase at 6 μM. This implies that the 2’ 

hydroxyl group is more important in the binding of CoA for hPPTase. Additionally we utilized 

unlabeled CoA as an inhibitor of the assay because it will directly compete with rhodamine-CoA 

and the generation of the holo-CP will not increase polarization signal like the crypto-CP. The 

observed IC50 values for unlabeled CoA displayed for hPPTase and Sfp were close to the active 

rhodamine-CoA concentrations in the assay (14 & 7 μM, respectively), and indicated that both 

enzymes displayed little preference for natural CoA over the rhodamine-CoA analog. 

Finally, we evaluated the ability of this assay to report on a panel of small molecule 

PPTase inhibitors that were identified from the library of pharmacologically active compounds 

1280 (LOPAC
1280

) when it was screened against Sfp in a FRET assay format.
33

 Serial dilutions of 

these ten compounds were tested against both enzymes at 11 concentration points and the 

results summarized in Table 1 (full dose-response curves are presented in Supplementary 

Figure 20c-g).  In general, the activity profiles that these compounds displayed against Sfp in the 

FP assay were consistent with those observed previously in the FRET-based and gel methods, 

with SCH-202676 and PD 404,182 presenting the most potent inhibition.  Interestingly, two 

compounds, BAY-11-7085 and guanidinyl-naltrindole, were apparent activators of Sfp but not 

hPPTase in the test. These findings were evaluated further by SDS-PAGE (Supplementary 

Figure 22) and confirmed to increase fluorescent labeling of the carrier protein substrate, but the 

source of this inhibition discrepancy between assay conditions is unknown.  

Given the unusual SCH-202676 inhibition profile of Sfp and hPPTase (Supplementary 

Figure 20c), we further investigated the inhibition effect imparted by SCH-202676. Our initial 
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investigation of fluorescent labeling in gel format focused on the suspected thiol-reactive 

mechanism for SCH-202676 proposed previously,
38

 and evaluated the presence or absence of 

additional 1 mM DTT above that which was present in protein preparations during VibB labeling. 

Gel results match those seen in fluorescent polarization as well as confirming significant inhibition 

in the case of free Ybbr (Supplementary Figure 10). Given the good apparent inhibition of Ybbr 

labeling in gel format, we also investigated the effect of SCH-202676 inhibiting labeling of ActACP 

(Supplementary Figure 11), with no apparent difference from the VibB results. We also 

investigated the effect BSA might have in blocking SCH-202676 activity due to its relatively higher 

concentration compared to PPTase in the reaction mixture, but no significant differences were 

seen (Supplementary Figure 12) compared to the former experiments with BSA. Lastly, we 

wanted to confirm the mode of potential SCH-202676 modifications with L-cysteine (L-cys) as a 

model for protein inhibition, and DTT as a model for degradation. We observed the correct 269 

m/z for SCH-202676 when incubated at room temperature alone (Supplementary Figure 13a). 

However, incubation of SCH-202676 with one equivalent DTT provided both a clear new HPLC 

peak at 6.4 min and MS peak with a clear m/z of 271 (Supplementary Figure 13b) not present in 

controls (Supplementary Figure 14a), with the mass increase of 2 suggesting an opening of the 

SCH-202676 thiazole ring proposed previously.
38

 We observed a new small HPLC peak at 6 

minutes upon incubating with one equivalent of L-cys (Supplementary Figure 13c) not present 

in control with only L-cys (Supplementary Figure 14b). These results indicate that SCH-202676 

is a fragile inhibitor with regard to standard biochemical reagents, and identifies reducing agents 

and other free thiols as potential sources of inhibitor interference. 

Additionally, we noted that some members of the panel displayed absorbance under the 

assay conditions, as evaluated the data for signs of perturbation via auto-fluorescence or inner 

filter  effect; two common modes of nonspecific inhibition in FP assays.
39

 Evaluation of total 

intensity
40

 (Supplementary Figure 21) revealed sanguinarine Cl and mitoxantrone impacted the 

raw signal at high concentrations; however, only sanguinarine Cl appeared to show inhibitory 
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activity. We followed up on this with the SDS-PAGE analysis, where sanguinarine Cl displayed 

inhibitory behavior with Sfp (Supplementary Figure 22). 

 In screening the Sfp inhibitors against hPPTase, we found that hPPTase was generally 

less susceptible to inhibition, as none of the Sfp LOPAC hit compounds presented IC50 values 

less than 100 μM against hPPTase. These results suggest we can expect a significant difference 

in inhibitory profiles of PPTase targets evaluated in the future, but presently allows facile 

detection of potential human side effects while pursuing these pathogenic PPTase drug targets 

using similar assay conditions. 

Conclusion: 

We have developed and validated a novel fluorescence polarization PPTase activity 

assay for high throughput screening of PPTases utilizing fluorescently modified CoA to covalently 

label intact target apo-carrier protein. This assay format improves upon existing PPTase inhibitor 

screens because it measures actual labeling activity, thereby allowing identification of non-

competitive and uncompetitive inhibitors while accommodating variation in the identity of the 

intact carrier protein and PPTase of interest. Our fluorescence polarization observations of Sfp 

inhibition activity indicate comparable IC50 values to existing FRET and gel-based techniques. 

Extension of this technique with the inhibitor panel to hPPTase generated notable differences in 

response compared to Sfp, underlying the necessity of an assay format capable of implementing 

the appropriate target PPTase and carrier protein directly into the assay for activity comparison. 

We seek to further extend this assay to various suitable drug target PPTases and scale up 

screening throughput in collaboration with the NIH Chemical Genomics Center. This new 

screening methodology furthers development and optimization of new inhibitor drug leads 

targeting PPTases conferring virulence to human pathogens. 
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Supplementary Information 

 

 

Supplementary Figure 1. Rhodamine-CoA LC/ESI-MS evaluation. Rhodamine-CoA substrate 
was evaluated for purity and correct mass prior to validation in the fluorescence polarization 
activity assay. Mass spectrometer analysis (a) indicates both single and double charged 
rhodamine-CoA of the appropriate mass, while the HPLC chromatograph (b) indicates a 

predominant single product peak. 

   

a) 

b) 
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Supplementary Figure 2. PPTase and carrier protein purity evaluation. Proteins used in 
fluorescence polarization activity assay were purified using Ni-NTA resin. Human ACP was 
additionally subjected to size exclusion chromatography. Final protein stocks were sufficiently 
pure for assay purposes, as indicated by SDS-PAGE analysis.
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Supplementary Figure 3. PPTase pH activity crypto- carrier protein standards. Fluorescent 
image and coomassie stain were conducted on crypto- carrier protein standards (a), following Ni-
NTA resin purification (FT = flow through, wash = 10 mM imidazole in lysis buffer, elute = 300 mM 
imidazole in lysis buffer). Crypto-VibB standards were implemented over all pH conditions 
evaluated (b), due to an observed shift in polarization at more acidic pH conditions (pH 4.5-6.0). 
Crypto-hACP standard was found to behave similarly at pH 6.0 and 7.5, and these two standard 
curves were used for the purposes of calculating activity (c).  

a) 

b) 

c) 
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Supplementary Figure 4. Sfp coenzyme A removal by calf intestinal phosphatase. Sfp was 

treated with calf intestinal phosphatase (CIP) to generate apo-Sfp, re-purified with Ni-NTA 

chromatography and analyzed with SDS-PAGE to evaluate purity  (a). In order to evaluate 

removal of coenzyme A from the stock Sfp preparation (holo-Sfp), both holo- and apo-Sfp were 

incubated in reaction conditions with apo-ACP from E. coli in the absence or presence of 

additional coenzyme A. Urea-PAGE analysis (b) reveals that the CIP treated apo-Sfp produces 

much less holo-ACP than the untreated holo-Sfp.  

b) 

a) 
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Supplementary Figure 5. PPTase serial dilution activity assay with VibB carrier protein for Z’ 

calculations. Serial dilutions of PPTases Sfp (a) and human PPTase (b) with VibB subjected to 

fluorescence polarization kinetic analysis provide insight into optimal time and concentration 

parameters for high-throughput inhibitor evaluations.  
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Supplementary Figure 6. PPTase serial dilution activity assay with human acyl carrier protein for 

Z’ calculations. Serial dilutions of PPTases Sfp (a) and human PPTase (b) with human ACP 

subjected to fluorescence polarization kinetic analysis provide insight into optimal time and 

concentration parameters for high-throughput inhibitor evaluations.  
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Supplementary Figure 7. PPTase activity assays with VibB carrier protein and additives for Z’ 

calculations. Treatments of PPTases Sfp (a) and human PPTase (b) with VibB and common HTS 

additives (detergent and DMSO) subjected to fluorescence polarization kinetic analysis provide 

insight into optimal assay conditions.  
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Supplementary Figure 8. PPTase activity assays with human acyl carrier protein and additives 

for Z’ calculations. Treatments of PPTases Sfp (a) and human PPTase (b) with human ACP and 

common HTS additives (detergent and DMSO) subjected to fluorescence polarization kinetic 

analysis provide insight into optimal assay conditions. 
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Supplementary Figure 9. 2’-deoxy-3,5-phosphoadenosine MS evaluation. PPTase inhibitor 

standard was synthesized, purified, and subjected to mass spectrometric analysis to confirm 

desired product mass prior to implementation in the fluorescence polarization assay. 
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Supplementary Figure 10. SCH-202676 gel evaluation with VibB vs. DTT (+) BSA. SCH-202676 

compound was evaluated for PPTase inhibition in gel format with Urea-PAGE to confirm 

fluorescence polarization findings. SCH-202676 did not appear to efficiently inhibit either Sfp or 

hPPTase when labeling VibB, regardless of 1 mM DTT addition. SCH-202676 did appear to 

inhibit Sfp activity with Ybbr substrate, judging by the relative drop in fluorescent band intensity 

evaluated with gel densitometry.  
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Supplementary Figure 11. SCH-202676 gel evaluation with ActACP vs. DTT (+) BSA. SCH-

202676 compound was evaluated for PPTase inhibition in gel format with Urea-PAGE to confirm 

fluorescence polarization findings. SCH-202676 only marginally inhibited Sfp when labeling 

ActACP, with recovered activity in the presence of 1 mM DTT. SCH-202676 did not appear to 

inhibit hPPTase.  
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Supplementary Figure 12. SCH-202676 gel evaluation with VibB/ActACP vs. DTT (-) BSA. 

SCH-202676 compound was evaluated for PPTase inhibition with desalted protein to ensure 

removal of trace DTT from protein stocks. Enzyme reactions were run on Urea-PAGE. SCH-

202676 only marginally inhibited Sfp when labeling ActACP, and did not appear to affect VibB 

labeling. SCH-202676 did not appear to inhibit hPPTase.  
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Supplementary Figure 13. SCH-202676 DTT/L-cys incubation & LC/ESI-MS. SCH-202676 

(SCH) was incubated for 3 hours alone (a) or in the presence of DTT (b), or L-cysteine (c) to 

gauge the propensity towards modification by thiols. Incubation with DTT introduces a dramatic 

change in HPLC retention time, as well as a mass increase of 2. Incubation with L-cysteine or 

alone introduces no change in mass.  

b) 

a) 

c) 

SCH+DTT 

SCH+L-cys 

SCH 
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Supplementary Figure 14. DTT/L-cys controls LC/ESI-MS. The new peak resulting from SCH-
202676 (SCH) incubation with DTT for 3 hours is not present in just DTT (a). However, the new 
HPLC peak observed with L-cysteine incubation is likely due to L-cysteine absorbance seen in 
the control (b). The probable cause for SCH-202676 modification is a previously proposed

38 
thiol-

mediated ring-opening (c), likely accelerated by the DTT possessing two free thiols to facilitate an 
intramolecular reaction in the terminal ring-opening.

c) 

b) 

a) 

SCH+DTT 

DTT 

SCH+L-cys 

L-cys 
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Supplementary Figure 15.  Measuring rhodamine-CoA substrate binding with fluorescence 
polarization. Fluorescent polarization was used to analyze binding of rhodamine-CoA to Sfp and 
human PPTase (hPPTase) in the absence of carrier protein substrate. An additional sample of 
Sfp was treated with calf-intestinal phosphatase (CIP) and re-purified to remove pre-bound 
coenzyme A from the protein preparation. The stoichiometric point shift qualitatively indicates the 
presence of coenzyme A in the initial Sfp preparation.  
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Supplementary Figure 16.  FP: PPTase serial dilution vs. VibB, Z’ scores over time. Sfp and 

hPPTase serial dilutions were monitored for VibB labeling over time in fluorescence polarization 

format, and analyzed for assay suitability via Z’ calculations. Lower concentrations of both Sfp 

and hPPTase at earlier timepoints did not give suitable Z’ values at early time points, but with 

increased time or concentration provided optimal Z’ values.  

a) 

b) 

Sfp 

hPPTase 
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Supplementary Figure 17.  FP: PPTase serial dilution vs. hACP, Z’ scores over time. Sfp and 

hPPTase serial dilutions were monitored for hACP labeling over time in fluorescence polarization 

format, and analyzed for assay suitability via Z’ calculations. Only the highest concentrations at 

later timepoints gave suitable Z’ values, but overall we determined that hACP was not a suitable 

substrate for high-throughput screening. 
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Supplementary Figure 18.  FP: PPTase + additives vs. VibB, Z’ scores over time. Sfp and 
hPPTase with additives were monitored for VibB labeling over time in fluorescence polarization 
format, and analyzed for assay suitability via Z’ calculations. Detergents contributed slightly to 
higher Z’ values, while DMSO lowered Z’ values. Increased reaction time raised calculated Z’ 
values to acceptable levels for both enzymes.  
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Supplementary Figure 19.  FP: PPTase + additives vs. hACP, Z’ scores over time. Sfp and 
hPPTase with additives were monitored for hACP labeling over time in fluorescence polarization 
format, and analyzed for assay suitability via Z’ calculations. Detergents contributed slightly to 
higher Z’ values, while DMSO lowered Z’ values. Acceptable Z’ values were only achieved in the 
absence of DMSO, which precludes high throughput inhibitor screening with DMSO as a 
chemical shuttle.  
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Supplementary Figure 20. FP:  PPTase inhibitors vs. VibB. In evaluating Sfp and human 

PPTase, we evaluated standard inhibitors (a & b), as well as previously identified Sfp-type 

inhibitor hits (c-g). Human PPTase demonstrates very low susceptibility to inhibitors of Sfp.  

a) b) 

c) d) 

e) f) 

g) 

-7 -6 -5 -4 -3

0

50

100

150

PAP (hPPTase)

PAP (Sfp)

log [inhibitor] M

%
 A

c
ti

v
it

y

-8 -7 -6 -5 -4 -3

0

50

100

150

Mitoxantrone HCl (hPPTase)

Benserazide HCl (hPPTase)

Mitoxantrone HCl (Sfp)

Benserazide HCl (Sfp)

log [inhibitor] M

%
 A

c
ti

v
it

y

-8 -7 -6 -5 -4 -3

0

50

100

150

Calmidazolium Cl (hPPTase)

(-) Ephedrine (hPPTase)

Calmidazolium Cl (Sfp)

(-) Ephedrine (Sfp)

log [inhibitor] M

%
 A

c
ti

v
it

y

-8 -7 -6 -5 -4 -3

0

50

100

150

6-NOBP (hPPTase)

PD 404182 (hPPTase)

6-NOBP (Sfp)

PD 404182 (Sfp)

log [inhibitor] M

%
 A

c
ti

v
it

y

-8 -7 -6 -5 -4 -3

0

50

100

150

Bay 11-7085 (hPPTase)

SCH-202676 (hPPTase)

Bay 11-7085 (Sfp)

SCH-202676 (Sfp)

log [inhibitor] M

%
 A

c
ti

v
it

y

-8 -7 -6 -5 -4 -3

0

50

100

150

Guanidinyl-naltrindole (hPPTase)

Sanguinarine Cl (hPPTase)

Guanidinyl-naltrindole (Sfp)

Sanguinarine Cl (Sfp)

log [inhibitor] M

%
 A

c
ti

v
it

y

-8 -7 -6 -5 -4 -3

0

50

100

150

2'-deoxy-PAP (hPPTase)

Unlabeled CoA (hPPTase)

2'-deoxy-PAP (Sfp)

Unlabeled CoA (Sfp)

log [inhibitor] M

%
 A

c
ti

v
it

y



58 

 

 

-8 -7 -6 -5 -4 -3
0

50000

100000

150000

2'-d-PAP

CoA

Mitoxantrone 2HCl

Benserazide

Bay 11-7085

SCH-202676 HBr

6-NOBP

PD 404,182

guanidinyl-naltrindole ditrifl

sanguinarine Cl

calmidazolium Cl

(-)-ephedrine hemisulfate

PAP

log [compound] M

T
o

ta
l 

In
te

n
s
it

y
, 

S
+

2
P

 (
R

F
U

)

 

-8 -7 -6 -5 -4 -3
0

50000

100000

150000

2'-d-PAP

CoA

Mitoxantrone 2HCl

Benserazide

Bay 11-7085

SCH-202676 HBr

6-NOBP

PD 404,182

guanidinyl-naltrindole ditrifl

sanguinarine Cl

calmidazolium Cl

(-)-ephedrine hemisulfate

PAP

log [compound] M

T
o

ta
l 

In
te

n
s
it

y
, 

S
+

2
P

 (
R

F
U

)

 

Supplementary Figure 21. FP: Intensity analysis of PPTase inhibitor screening. Sfp inhibitor 

screening resulted in fairly consistent total intensities (a), with the exception of mitoxantrone 

exhibiting absorbance. hPPTase inhibitor screening evaluation (b) showed matching trends with 

Sfp intensities. 

  

b) 

a) 
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Supplementary Figure 22. SDS-PAGE analysis of select Sfp-LOPAC compounds. Select Sfp 
inhibitors were evaluated in gel format (a) to confirm inhibition and activation. Compounds were 
selected due to: incomplete inhibition of SCH-202676 (b), colored compound sanguinarine Cl (c), 
and apparent activation of Guanidinyl-naltrindole (d) and Bay 11-7085 (e). All gel results 
qualitatively matched fluorescence polarization results, as gauged by comparison of integrated 
density compared to polarization. 
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Supplementary Table 1. PPTase serial dilution Z’ calculations with VibB carrier protein. Sfp (a) 

and hPPTase (b) serial dilution signals measured in millipolarization units (mP) were monitored 

for VibB labeling over time (30 and 60 minute time points portrayed) in fluorescence polarization 

format, and analyzed for assay suitability via Z’ calculations. Lower concentrations of both Sfp 

and hPPTase at earlier time points did not give suitable Z’ values at early time points, but with 

increased time or enzyme concentration provided optimal Z’ values. 

[Sfp] nM: 1000 500 250 125 62.5 31.25 15.63 

Avg mP 
(30 m) 224 ± 1 204 ± 4 

170 ± 
17 105 ± 5 68 ± 3 42 ± 2 29 ± 1 

Z' (30 m) 0.99 0.95 0.68 0.86 0.87 0.86 0.91 

Avg mP 
(60 m) 226 ± 1 222 ± 1 212 ± 8 162 ± 6 112 ± 5 71 ± 3 45 ± 1 

Z' (60 m) 0.98 0.97 0.86 0.86 0.83 0.80 0.83 

 

[hPPTase] 
nM: 1000 500 250 125 62.5 31.25 15.63 

Avg mP 
(30 m) 236 ± 1 232 ± 1 217± 1 188 ± 1 148 ± 1 115 ± 2 83 ± 0 

Z' (30 m) 0.98 0.98 0.98 0.97 0.97 0.93 0.97 

Avg mP 
(60 m) 235 ± 1 235 ± 2 231 ± 1 217 ± 2 186 ± 1 151 ± 2 115 ± 1 

Z' (60 m) 0.98 0.97 0.98 0.97 0.97 0.94 0.96 

 

  b) 

a) 

b) 
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Supplementary Table 2. PPTase serial dilution Z’ calculations with human acyl carrier protein. 
Sfp (a) and hPPTase (b) serial dilution signals measured in millipolarization units (mP) were 
monitored for hACP labeling over time (30 and 60 minute time points portrayed) in fluorescence 
polarization format, and analyzed for assay suitability via Z’ calculations. Only the highest 
concentrations at later time points gave suitable Z’ values, but overall we determined that hACP 
was not a suitable substrate for high-throughput screening. 

 

[Sfp] nM: 1000 500 250 125 62.5 31.25 15.63 

Avg mP (30 
m) 136 ± 1 131 ± 4 111 ± 1 81 ± 1 59 ± 4 40 ± 1 31 ± 1 

Z' (30 m) 0.64 0.62 0.55 0.38 -0.01 -0.28 -0.59 

Avg mP (60 
m) 138 ± 1 135 ± 1 132 ± 1 115 ± 1 90 ± 5 60 ± 1 43 ± 1 

Z' (60 m) 0.63 0.63 0.62 0.56 0.30 0.14 -0.21 

 

[hPPTase] 
nM: 1000 500 250 125 62.5 31.25 15.63 

Avg mP (30 
m) 128 ± 0 118 ± 8 

102 ± 
10 85 ± 10 69 ± 10 55 ± 8 44 ± 6 

Z' (30 m) 0.57 0.33 0.16 0.00 -0.23 -0.43 -0.65 

Avg mP (60 
m) 131 ± 0 126 ± 5 117 ± 8 

103 ± 
10 87 ± 11 71 ± 10 56 ± 9 

Z' (60 m) 0.58 0.45 0.33 0.16 -0.03 -0.24 -0.53 

 

 

 

  

a) 

b) 
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Supplementary Table 3. PPTase Z’ calculation for additives with VibB carrier protein. Sfp (a) 
and hPPTase (b) signal from additive samples measured in millipolarization units (mP) were 
monitored for VibB labeling over time (30 and 60 minute time points portrayed)  in fluorescence 
polarization format, and analyzed for assay suitability via Z’ calculations. Detergents contributed 
slightly to higher Z’ values, while DMSO lowered Z’ values. Increased reaction times raised 
calculated Z’ values to acceptable levels for both enzymes. 

 

[Sfp] nM:       100       

DMSO: 0% 10% 0% 10% 0% 10% 0% 10% 

detergent: none 0.01% Tween-20 
0.01% Triton X-

100 
0.01% NP-40 

Avg mP (30 
m) 53 ± 1 56 ± 1 67 ± 1 71 ± 2 65 ± 0 68 ± 2 66 ± 1 70 ± 1 

Z' (30 min) 0.44 0.58 0.52 0.60 0.45 0.55 0.29 0.58 

Avg mP (60 
m) 93 ± 2 98 ± 1 118 ± 1 120 ± 2 111 ± 1 116 ± 3 111 ± 1 116 ± 2 

Z' (60 m) 0.65 0.77 0.71 0.80 0.62 0.74 0.57 0.70 

 

  [hPPTase] nM:     100       

DMSO: 0% 10% 0% 10% 0% 10% 0% 10% 

detergent: none 0.01% Tween-20 
0.01% Triton X-

100 
0.01% NP-40 

Avg mP (30 
m) 240 ± 0 153 ± 1 233 ± 1 153 ± 2 233 ± 1 153 ± 1 

237 ± 
10 153 ± 1 

Z' (30 m) 0.59 0.53 0.59 0.52 0.59 0.55 0.46 0.54 

Avg mP (60 
m) 255 ± 0 190 ± 1 252 ± 1 189 ± 1 249 ± 1 190 ± 1 252 ± 6 190 ± 1 

Z' (60 m) 0.61 0.63 0.66 0.66 0.63 0.64 0.54 0.65 

 

 

 

 

  

a) 

b) 
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Supplementary Table 4. PPTase Z’ calculation for additives with human acyl carrier protein. Sfp 
(a) and hPPTase (b) signal from additive samples measured in millipolarization units (mP) were 
monitored for hACP labeling over time (30 and 60 minute time points portrayed) in fluorescence 
polarization format, and analyzed for assay suitability via Z’ calculations. Detergents contributed 
slightly to higher Z’ values, while DMSO lowered Z’ values. Acceptable Z’ values were only 
achieved in the absence of DMSO, which precludes high throughput inhibitor screening with 
DMSO as a chemical shuttle. 

 

[Sfp] nM:       100       

DMSO: 0% 10% 0% 10% 0% 10% 0% 10% 

detergent: none  0.01% Tween-20 
0.01% Triton X-

100 
0.01% NP-40 

Avg mP (30 
m) 60 ± 0 74 ± 2 58± 1 76 ± 1 56 ± 2 70 ± 2 58 ± 2 69 ± 1 

Z' (30 m) 0.30 -0.02 0.43 0.04 0.28 -0.04 0.23 0.01 

Avg mP (60 
m) 100 ± 1 104 ± 2 100 ± 1 105 ± 1 96 ± 2 101 ± 2 97 ± 2 101 ± 1 

Z' (60 m) 0.62 0.32 0.75 0.34 0.61 0.34 0.63 0.39 

 

  [hPPTase] nM:     100       

DMSO: 0% 10% 0% 10% 0% 10% 0% 10% 

detergent: none 
0.01% Tween-

20 
  0.01% Triton X-

100 
0.01% NP-40 

Avg mP (30 
m) 79 ± 1 63 ± 0 76± 2 64 ± 1 78 ± 0 62 ± 1 77 ± 3 62 ± 1 

Z' (30 m) 0.64 -0.03 0.68 -0.03 0.68 0.01 0.44 0.01 

Avg mP (60 
m) 105 ± 1 81 ± 0 102 ± 2 82 ± 1 103 ± 1 80 ± 0 103 ± 2 80 ± 1 

Z' (60 m) 0.74 0.28 0.77 0.33 0.72 0.33 0.59 0.31 

 

 

 

  

a) 

b) 
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The chapter entitled “Fluorescent techniques for discovery and characterization of 

phosphopantetheinyl transferase inhibitors,” in full, is a reprint of the material as accepted by the 

Journal of Antibiotics. Kosa, Nicolas M.; Foley, Timothy L.; Burkart, Michael D. 2013. The 

dissertation author was the primary investigator and author of this paper. 
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The chapter entitled “Reversible labeling of native and fusion-protein motifs,” in full, is a 

reprint of the material as it appears in Nature Methods Vol. 9, 981-984, 2012. Kosa, Nicolas M.; 

Haushalter, Robert W.; Smith, Andrew R.; Burkart, Michael D. The dissertation author was the 

primary investigator and author of this paper. 
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Chemoenzymatic exchange of phosphopantetheine on protein and peptide 

Evaluation of new acyl carrier protein hydrolase (AcpH) homologs from proteobacteria 

and cyanobacteria reveals significant variation in substrate selectivity and kinetic parameters for 

phosphopantetheine hydrolysis from carrier proteins. Evaluation with carrier proteins from both 

primary and secondary metabolic pathways reveals an overall preference for acyl carrier protein 

(ACP) substrates from type II fatty acid synthases, as well as variable activity for polyketide ACPs 

and carrier proteins from non-ribosomal peptide synthases. We also demonstrate the kinetic 

parameters of these homologs for the 11-mer peptide substrate YbbR. These findings enable the 

fully reversible labeling of all three classes of natural product synthase carrier proteins as well as 

full and minimal fusion protein constructs. 

Introduction: 

Post-translational protein modification allows engineering of extra utility into biochemical 

systems for a variety of medically and scientifically useful purposes.
1-4 

A particularly useful post-

translational modification of the carrier proteins (CP) from fatty acid synthase (FAS), polyketide 

synthase (PKS) and non-ribosomal peptide synthase (NRPS) pathways entails the addition of 4’-

phosphopantetheine (PPant) analogs, turning unmodified apo-CP into modified crypto-CP.
5-10  

The Walsh laboratory identified a minimal peptide (YbbR) that can be modified alone or as a 

fusion protein.
11,12 

We have recently shown the ability to selectively remove functional labels from 

the E. coli FAS ACP, AcpP,  using the  recombinant Pseudomonas aeruginosa acyl carrier 

protein hydrolase (AcpH) EC 3.1.4.14, which offers the ability to iteratively label and un-label 

ACPs and ACP fusions with a wide variety of functionalities.
13  

Here we expand these tools in the 

evaluation of AcpH homologs from proteobacteria and cyanobacteria that not only display 

superior kinetics for PPant removal from E. coli ACP, but also depict the first known specific 

hydrolase activity against the 11- amino acid YbbR peptide substrate. 

Since the first identification of E. coli AcpH activity and characterization,
14,15 

we have 

searched for ways to broadly incorporate a specific biocompatible hydrolase activity into the tool 
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set of phosphopantetheine labeling first introduced with the phosphopantetheinyl-transferase 

(PPTase) Sfp.
5,11,12,16

 Despite an otherwise unknown natural role for the AcpH, an enzyme not 

consistently present in all bacteria, the identification of a more stable AcpH homolog from P. 

aeruginosa
17

 and its subsequent characterization using free and fusion-ACPs with 

phosphopantetheine analogs
13

 offered the potential of a promiscuous AcpH with which to 

establish a robust reversible labeling strategy. However, while this PaAcpH has primarily 

demonstrated promiscuity for a broad range of modified phosphopantetheines appended to the E. 

coli type II FAS ACP, we were unable to constitute activity on many carrier proteins in our library. 

These results highlighted the need for a broader AcpH homolog activity analysis. 

Here we present a thorough substrate evaluation and kinetic analysis of four AcpH 

homologs identified in proteobacteria and cyanobacteria: P. aeruginosa PAO1 (PaAcpH, 

NP_253043.1), Cyanothece sp. PCC 7822 (CyAcpH, YP_003888700.1), Shewanella oneidensis 

MR-1 (SoAcpH, NP_718678.1), and Pseudomoans fluorescens NCIMB 10586. We chose these 

organismic sources to represent a snapshot of currently annotated AcpH homologs (Figure 1), 

comparing proximal phylogenetic relations (P. fluorescens), and more distal relationships 

(Cyanothece, S. oneidensis). In addition, we selected AcpH homologs with broad sequence 

variation to provide additional confirmation of active site residue predictions.
18

 Finally, to truly 

cement Sfp/AcpH methodology as a site-specific reversible labeling tool, we evaluated function of 

these homologs with YbbR and S6 peptides discovered for PPant labeling, containing 11 and 12 

amino acids respectively.
11,12

 

Results & Discussion: 

Cloning and expression produced soluble protein for all constructs (Figure 2a & 

Supplementary Figure 1). The nucleotide sequence for the obtained P. fluorescens NCIMB 

10586 AcpH gene is uploaded to NCBI with accession number KF667507, as the source strain’s 

genome is not sequenced.  
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Figure 1. Phylogenetic analysis of AcpH sources. AcpH homologs are currently predicted for a 
diverse set of bacterial phyla, including proteobacteria, cyanobacteria, bacteriodetes, 
planctomycetes, spirochetes, and verrumicrobia. We analyze the activity for two closely-related 
AcpH homologs (P. aeruginosa & P. fluorescens) as well as two distantly-related AcpH homologs 
(Cyanothece PCC 7822 & S. oneidensis). Phylogenetic map calculations are derived from protein 
sequences using Phylogeny.fr web utility.

20
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Figure 2. AcpH homolog activity against crypto-CP. AcpH homologs were cloned and expressed 
as soluble proteins (a). Crypto- carrier proteins (CP) were generated by labeling apo-CP with Sfp 
and modified coenzyme A (mCoA) generated in situ with CoaA, CoaD, CoaE, ATP and coumarin-
pantetheine (b). The most active substrates were from FAS and PKS-type CP. 

 

  



130 
 

Our initial goal was to establish the AcpH substrate preference with regards to carrier 

proteins from FAS, PKS, and NRPS pathways (Supplementary Table 1). We labeled all carrier 

proteins with a coumarin-pantetheine analog using the published one-pot methodology (Figure 

2b)
16,19

 and quantified AcpH activity as a significant reduction in protein band fluorescence on 

SDS-PAGE. FAS ACPs were all derived from bacterial protein targets with the exception of the 

apicoplast ACP from P. falciparum. Carrier proteins included E. coli AcpP (EcAcpP, type II), P. 

aeruginosa AcpP (PaAcpP, type II), S. oneidensis AcpP (SoAcpP, type II), P. falciparum 

apicoplast ACP (PfACP, Type II),
21

 M. tuberculosis AcpM (Type II) and MAS (FAS/PKS hybrid). 

PaAcpH, PfAcpH, and CyAcpH were active against all type II FAS ACPs. No activity was found 

with the type I M. tuberculosis MAS (Table 1, Supplementary Figures 2-9), which resembles the 

vertebrate FAS in size and domain organization. SoAcpH showed inactivity with all crypto-ACPs 

tested, so we implemented holo-SoAcpP as a suitable model of its anticipated natural substrate. 

This was performed in order to confirm inactivity was not a result of incompatibility with a non-

native coumarin-PPant appendage on crypto-ACP. Interestingly, both crypto-SoAcpP and holo-

SoAcpP demonstrated spontaneous, non-enzymatic PPant hydrolysis overnight (Supplementary 

Figures 6 & 10a), requiring the subsequent holo-SoAcpP analysis be conducted on a shorter 

timescale (Supplementary Figure 10b). 

PKS-type ACPs were derived from a mixture of bacterial and fungal targets. Carrier 

proteins included S. coelicolor ActACP,
7  

A. parasiticus PksA,
22  

G. fujikuroi Pks4, 
23

 L. majuscula 

JamC
24

 and JamF,
25 

and P. agglomerans AdmA.
26 

Activity in this category was less consistent 

(Table 1, Supplementary Figures 2-3, 8-9, 11-12), with PfAcpH demonstrating the only activity 

with crypto- ActACP and Pks4, while all other AcpH except SoAcpH were capable of activity with 

crypto- PksA and JamC. 

NRPS-type peptidyl carrier proteins (PCP) FAS ACPs were derived from bacterial protein 

targets. Carrier proteins included P. agglomerans AdmI,
26

 V. cholerae VibB,
27 

A. orientalis CepK, 

P. protogens PltL, P. syringae SyrB1.
28 

The only detected activities resulted from PfAcpH  
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Table 1. Qualitative AcpH substrate selectivity for carrier proteins. AcpH homolog activity was 
determined through overnight reaction with crypto-CP except in the case of holo-SoAcpP. A 
significant reduction in fluorescence of AcpH-treated CP from controls (Supplementary Figures 
2-9, 11-14) or Urea-PAGE gel-shift (Supplementary Figures 10) are labeled as active “+”. 

 

 

  

 Carrier Protein Enzyme 

  Organism Name PaAcpH PfAcpH CyAcpH SoAcpH 

F
A

S
 

E. coli AcpP + + + - 

P. aeruginosa AcpP + + + - 

S. oneidensis AcpP + + + - 

P. falciparum ACP
‡
 + + + - 

M. tuberculosis AcpM + + + - 

M. tuberculosis MAS - - - - 

P
K

S
 

S. coelicolor ActACP - + - - 

A. parasiticus PksA + + + - 

G. fujikuroi Pks4 - + - - 

L. majuscula JamC + + + - 

L. majuscula JamF - - - - 

P. agglomerans AdmI - + - - 

N
R

P
S

 

P. agglomerans AdmA - - - - 

V. cholerae VibB - - - - 

A. orientalis CepK - - - - 

P. fluorescens PltL + - - - 

P. syringae SyrB1 - - - - 
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with AdmI and PaAcpH with PltL (Table 1, Supplementary Figures 4, 8-9, 12-14). It is 

particularly interesting that an AcpH from P. aeruginosa worked with a PCP another 

Pseudomonas species while the P. fluorescens AcpH did not. Without knowing the true overall 

role of AcpH within each organism, it is difficult to predict how AcpH activity is dictated. However, 

in analyzing the sequence variation between P. fluorescens from which our PfAcpH was derived, 

and P. protogens from which PltL was derived, we find that the amino acid sequence identity of 

PaAcpH to the P. protogens Pf-5 annotated AcpH (not studied) is 70%, while the PfAcpH to P. 

protogens identity is closer at 82%. 

     The first intriguing finding is that even moderately small difference in sequence 

between PaAcpH and PfAcpH enzymes (62% identity) results in significant difference in substrate 

specificity. This indicates that sequence alone may not be used to predict substrate specificity. 

Despite the promising results demonstrating improved substrate promiscuity of the PfAcpH and 

CyAcpH homologs compared to the established PaAcpH, the inactivity of SoAcpH raised more 

questions. We suspected some possibilities for this were that the protein is not purified in its 

active form (despite high yields and purity), is misannotated as an AcpH while possessing 

alternate function, or underwent a loss of function mutation in its genetic past that was not 

detrimental to the survival of S. oneidensis. To further investigate its inactivity, we evaluated the 

secondary structure of SoAcpH compared to the known active CyAcpH. Circular dichroism 

revealed strong alpha helical character (Supplementary Figure 15), indicating a consistent 

protein fold. Additionally, we aligned the SoAcpH protein sequence to those of  PaAcpH, PfAcpH, 

CyAcpH, and EcAcpH for comparison to the existing EcAcpH analysis based off SPoT.
18 

This 

analysis reveals all predicted aspartate active site Mn
2+

 binding residues in the case of all AcpH 

except SoAcpH (Supplementary Figure 16), lending additional support to our results 

demonstrating the S. oneidensis protein is inactive as an AcpH. SoAcpH lacks two out of three 

AcpH Mn
2+

-binding aspartates predicted by the Cronan laboratory, whose mutation of a single 

one of these residues in EcAcpH reduces measurable activity to nearly undetectable levels.
18

 



133 
 

Due to the observations of improved activity of PfAcpH and CyAcpH from the original 

PaAcpH, our next goal was characterization of activity against phosphopantetheine-labeled 

YbbR13 and S6.
11,12 

Considering that the reversible phosphopantetheine labeling is compared to 

existing techniques involving labeling of short peptides, including sortase (5AA),
29,30 

farnesyl-

transferase (4AA),
31 

and transglutaminase (5AA),
32,33 

we chose to evaluate S6 and variations of 

YbbR. YbbR variations include free peptide (11AA) (Figure 3a & Supplementary Figure 17a), 

fluoresceinisothiocyanate (FITC)-YbbR conjugate (Supplementary Figure 17b),
34 

and eGFP-

YbbR fusions.
11 

Coumarin-PPant was conjugated to S6 and YbbR variations with one-pot 

methodology and analyzed with Urea-PAGE using all AcpH homologs, demonstrating qualitative 

activity for all YbbR constructs with PfAcpH and CyAcpH and no activity for SoAcpH (Table 2, 

Supplementary Figures 18 & 20). PfAcpH, PaAcpH, and CyAcpH also showed activity with 

crypto-S6 peptide, while SoAcpH did not (Supplementary Figure 21).These observations point 

to a wide variety of bioconjugation applications using minimal peptides and phosphopantetheine 

analogs and provides potential advantages for increased substrate variety and experimental 

flexibility. 

Given the demonstrated variation in AcpH substrate compatibility for both full carrier 

proteins, S6 peptide, and variations of the 11-mer YbbR substrate, we sought to further 

distinguish the new AcpH homologs with kinetic evaluation using the representative E. coli AcpP 

and YbbR substrates. Kinetic analysis of the AcpH homologs with holo- E. coli AcpP at 37°C 

resulted in superior kinetic values for CyAcpH compared to PaAcpH and PfAcpH (Table 3, 

Supplementary Figure 22). Kcat values obtained were 211 min
-1

 for CyAcpH, 3.7 min
-1

 for 

PfAcpH, and 0.6 min
-1

 for PaAcpH, with kcat/Km values of 3.6 min
-1

*M
-1

 for CyAcpH, 0.06 min
-

1
*M

-1
 for PfAcpH, and 0.05 min

-1
*M

-1
 for PaAcpH. Cronan previously determined a kcat of 13.1 

min
-1

 for EcAcpH, and kcat/Km of 2.4 min
-1

/M,
18 

which compares favorably to the more soluble 

PaAcpH and PfAcpH, but is still significantly lower than CyAcpH. We were at first suspicious of 

the high apparent turnover for CyAcpH, but these results were further confirmed using EDTA  
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Table 2. AcpH activity with modified YbbR. Various YbbR peptide substrate variations were 
evaluated for AcpH activity qualitatively (Supplementary Figure 12-14). AcpH from both P. 
fluorescens and Cyanothece PCC7822 demonstrated detectable activity with qualitative analysis. 

 

 

 

 

 

 

 

 

 

Table 3. AcpH homolog AcpP and YbbR kinetics. AcpH homolog activity was determined at 37°C 
with holo- E. coli AcpP using HPLC detection (Supplementary Figure 21), as well as crypto- 
FITC-YbbR in a FRET-quench microwell plate assay (Supplementary Figure 23). Best in-class 
kinetics for evaluated substrates are CyAcpH for holo-AcpP, and PfAcpH for crypto- FITC-YbbR. 
A lower CyAcpH concentration of 5 nM was required for obtaining holo-ACP kinetics due to high 
turnover. 

 

  

 Fusion Location Enzyme 

  N-term C-term PaAcpH PfAcpH CyAcpH SoAcpH 
Y

b
b
R

1
3

 N/A N/A no YES YES no 

FITC N/A no YES YES N/A 

GFP 6xHis no YES YES no 

6xHis GFP no YES YES no 

Enzyme Substrate [AcpH], μM Vmax  (min
-1

) Km (μM) kcat (min
-1

) 
kcat/KM (min

-1 

*μM
-1

) 

PaAcpH 

holo-ACP 

(E. coli) 

1 0.59 ± 0.02 12 ± 2 0.59 ± 0.02 0.049 

PfAcpH 1 3.7 ± 0.1 61 ± 7 3.7 ± 0.1 0.060 

CyAcpH 0.005 1.1 ± 0.1 58 ± 9 211 ± 11 3.6 

PaAcpH 

crypto-FITC-

YbbR (3) 

1 
0.008 ± 

0.016 
177 ± 744 

0.008 ± 

0.016 
4.7E-05 

PfAcpH 
1 0.17 ± 0.01 48 ± 5 0.17 ± 0.01 0.003 

CyAcpH 
1 

0.004 ± 

0.004 
21 ± 68 

0.004 ± 

0.004 
2.0E-04 
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quench to terminate hydrolysis, resulting in enzyme arrest prior to HPLC analysis 

(Supplementary Figure 23). These results indicate the significant finding that turnover of E. coli 

holo- AcpP by CyAcpH surpasses the kinetic parameters of Sfp for E. coli apo- AcpP (kcat = 5.8 

min
-1

 and kcat/Km = 1 min
-1
M

-1
).

35
 While the CyAcpH kinetic results are derived from free E. coli 

AcpP, this result implies an remarkable advantage for this newly characterized enzyme in 

designing reversible labeling scenarios with AcpP as a protein handle. 

Kinetics of AcpH homologs with the YbbR substrate were determined using a FRET-

reporter system with rhodamine WT PPant-labeled FITC-YbbR, as previously utilized to monitor 

Sfp activity (Figure 3b).
34,36 

Here FITC-YbbR was conjugated with Rhodamine-CoA
36

 to generate 

the crypto- FITC-YbbR substrate (Supplementary Figure 17c). HPLC purification and 

lyophilization of the crypto- FITC-YbbR supplied the substrate necessary for AcpH kinetic 

analysis. SoAcpH was not analyzed for kinetics, as it did not display activity in the qualitative 

YbbR activity analysis. Real-time analysis of AcpH homologs at 37°C in 96-well format provided 

kinetic data clearly favoring the activity of PfAcpH for crypto- FITC-YbbR. Kcat values obtained 

were 0.17 min
-1

 for PfAcpH with kcat/Km of 0.003 min
-1
M

-1 
(Supplementary Figure 24 and Table 

3). Compared to the Sfp for YbbR (kcat = 11 min
-1

, kcat/Km of 0.091 min
-1
M

-1
),

11
 the PfAcpH 

demonstrated two orders of magnitude slower reaction rates. 

 This method provides significant advantages when compared to other reversible protein 

labeling systems. First, the labeling step utilizing Sfp and a coenzyme A analog possesses very 

good kinetics. Additionally, both the Sfp and AcpH reactions favor product formation due to 

energy released upon phosphodiester bond breakage in both cases, unlike the equilibrium 

kinetics experienced by the sortase reaction and the consequently high substrate concentrations 

required to achieve efficient labeling. Compared to farnesyl-transferase, the Sfp labeling step 

possesses a similar kcat, but allows flexible YbbR placement at the amino/carboxy-terminus or 

internal to the target protein
11

 In comparison, the farnesyl prosthetic attachment site must be at 

the protein C-terminus, and removal of the farnesyl group requires an irreversible  



136 
 

 

Figure 3. AcpH accommodates YbbR modifications. Various YbbR peptide substrate variations 
were evaluated for AcpH activity (a) qualitatively by SDS-PAGE (Supplementary Figures 8-9, 
18-20), and (b) quantitatively using a FRET quench assay (Supplementary Figure 23). PfAcpH 
was found to accommodate all YbbR appendages, and generate useful kinetic data. (Table 3). 
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carboxypetidase protease cleavage of the transfer site sequence. Thus, for bioconjugation 

applications requiring short fusion sequences, truly reversible and site-specific labeling can be 

implemented with the 11 amino acid YbbR using combined Sfp/PfAcpH methodology. The 

incidental activity of PfAcpH with a peptide discovered originally for Sfp
11

 implies that there is 

significant room for AcpH activity improvement, either by modification of the YbbR sequence, or 

pursuit of a new dual-purpose peptide that possesses desirable kinetics for both Sfp and AcpH 

activity. 

Following the completion of our substrate panels and the identification of our most 

promiscuous AcpH from P. fluorescens, we lastly wished to identify any particularly important 

consensus residues from active protein sequences to guide future substrate prediction. The 

sequences from 10 amino acids flanking the modified serine were aligned and used to generate a 

consensus sequence from all carrier proteins active with PfAcpH (Supplementary Figure 25). 

This procedure generated a core consensus of “DLGXDSLDXVEL” with “X” being an 

unconserved amino acid, which displays a strong homology with amino acids residing in type II 

FAS ACP. This absolute sequence is not required for activity, but our results indicate that most 

carrier proteins with 5 or fewer matching amino acids are inactive, the exceptions being AdmI and 

YbbR/S6 peptide substrates. The “DSL” portion appears to be especially important, as only one 

PKS ACP, JamC, and one NRPS PCP, AdmI, is active with the variation “DSS” and “DSV” 

respectively. In comparison, none of the inactive NRPS PCPs contain the “DSL” active site 

sequences or possess more than 6 matching identical amino acids surrounding the active site. 

In conclusion, our analysis of three new AcpH gene products and comparison to existing 

P. aeruginosa AcpH reveals a remarkable array of information regarding substrate compatibility. 

Despite the apparent inactivity of the hypothetical S. oneidensis AcpH, the AcpH homologs from 

P. fluorescens and Cyanothece sp. PCC 7822 present superior alternative to the existing 

methods for phosphopantetheine removal, with CyAcpH demonstrating remarkable kinetic values 

for holo-AcpP hydrolysis, while PfAcpH possesses the best available kinetics for crypto-YbbR 

hydrolysis, as well as the broadest apparent substrate promiscuity with the evaluated carrier 
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protein panel. These new enzymes demonstrate substantial potential for further substrate 

truncation and peptide sequence modification, as well as ready implementation with established 

reversible ACP labeling methods. 

Methods: 

General. Protein concentrations were determined using UV absorbance at 280 nm, with 

extinction coefficients calculated using ExPASy online tool for each protein.
37

 

Cloning. The P. aeruginosa PAO1 AcpH gene [genID: 881435] identified previously
17

 

was cloned as described previously.
13 

All primers used for cloning are located in supplemental 

information (Supplementary Table 2) Cyanothece PCC 7822 AcpH gene [genID: 9739974], and 

Shewanella oneidensis AcpH gene [genID: 1170805] were cloned from genomic DNA using 

standard techniques. P. fluorescens NCIMB 10586 AcpH [KF667507] was cloned using homology 

primers designed from P. fluorescens SBW25 AcpH gene [genID: 7817947]. Sequencing of 

intermediate PCR product allowed design of more specific primers and production of final PCR 

gene product. CepK was codon-optimized for E. coli and synthesized encoding a C-terminally his-

tagged construct. All AcpH gene PCR products were treated with restriction endonuclease and 

ligated into pET29b plasmids containing a C-terminal 6xHis tag. 

Protein expression. All AcpH growth, and purification procedures are previously 

described.
13 

E. coli thioesterase TesA
38 

was expressed and purified in the same manner as AcpH. 

Lysis buffer for CyAcpH and PfAcpH are excepted in that they utilized higher glycerol content. 

CyAcpH and PfAcpH were purified and desalted in the presence of 50 mM TrisCl pH 8.0, 250 mM 

NaCl, and 25% glycerol. The additional glycerol contributed significantly to higher perceived 

protein recovery and prolonged stability. E. coli AcpP, and P. aeruginosa MBP-AcpP were 

prepared as previously described.
13 

S. oneidensis AcpP was prepared in the same manner as E. 

coli AcpP. MtbAcpM, ActACP, JamC, JamF, AdmA, AdmI, SyrB1-AT, PltL, CepK, VibB, and MAS 

containing cells were grown in LB with appropriate antibiotic at 37°C until they reached an optical 

density of 0.6. IPTG was added to 1 mM, and the cells were incubated with shaking at 16°C 
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overnight. Plasmodium ACP was grown as previously described.
21 

All ACP constructs were grown 

in antibiotics appropriate for the contained plasmid. All cells were centrifuged to obtain a pellet, 

which was re-dissolved in lysis buffer. MtbAcpM expressed as an apo/holo/acyl mixture, and 

required overnight treatment with Affigel-25 conjugates of TesA and PfAcpH prior to labeling. 

Plasmodium ACP expressed as holo- and was treated with PaAcpH conjugated to Affigel-25 prior 

to labeling. Spin concentration of all carrier proteins with 3 kDa MWCO centrifugal filters (EMD 

Millipore, Billerica, Massachusetts) resulted in concentrated protein stocks. 

One-pot carrier protein coumarin-labeling strategy. Unless otherwise noted, all 

coumarin-PPant labeling proceeded as follows: apo- carrier protein or peptide at 50-200 M were 

labeled in 50 mM Na-HEPES pH 7.5, 10 mM MgCl2, 8 mM ATP, 0.1 M MBP-CoaA/D/E, 0.1 M 

native Sfp, and 1.1 equivalents of coumarin-pantetheine at 37°C overnight. Crypto- protein 

samples were re-purified using standard IMAC techniques in pH 8.0 lysis buffer with Ni-NTA 

resin, and spin-concentrated/buffer exchanged to remove imidazole and concentrate with 0.5 mL 

3 kDa MWCO cellulose filters. Crypto- peptide samples were purified via HPLC, lyophilized, and 

re-dissolved in 50 mM TrisCl pH 8.0 prior to analysis. 

General AcpH gel-based activity. Specific procedures for AcpH activity are described 

previously.
13 

Briefly, qualitative analysis of crypto- carrier protein or peptide samples proceeded at 

37°C overnight reaction with 1 M AcpH homolog. Following AcpH treatment, an equal volume of 

2X SDS-PAGE loading dye was added to crypto-carrier proteins samples and heated 5 min at 

90°C, and run on 12% or 15% SDS-PAGE. Gels were fixed in 50/40/10% water/methanol/acetic 

acid for 30 minutes, and washed with water three times before UV imaging. Holo- carrier protein 

reactions were analyzed with Urea-PAGE as previously described.
13 

All protein gels were 

Coomassie stained for evaluating total protein. Crypto- peptides were evaluated on Urea-PAGE, 

and were imaged immediately after running with no gel fixing. 

FITC-YbbR labeling & purification. Preparation of rhodamine-labeled FITC-YbbR 

proceeded via reaction of 200 M FITC-YbbR with 200 M rhodamine WT-CoA synthesized as 

described previously
36 

with 1 M Sfp in 50 mM HEPES pH 7.5 and 10 mM MgCl2 for 2 hours at 
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37°C. Crypto- peptide samples were purified with HPLC, lyophilized, and re-dissolved in 50 mM 

TrisCl pH 8.0 at 4 mM prior to analysis. 

HPLC AcpH kinetics. Holo- E. coli AcpP was prepared as a serial dilution in 50 mM 

TrisCl, 250 mM NaCl, 30 mM MgCl2, and 2 mM MnCl2. PaAcpH, and PfAcpH were prepared at 2 

M in similar buffer with 10% glycerol but lacking Mg/Mn. CyAcpH was prepared at 10 nM in the 

same AcpH buffer. Addition of AcpH into holo-AcpP samples provided final top concentrations of 

400, 200, 100, 50, 25, 12.5 M for PaAcpH/PfAcpH, and 450, 225, 112.5, 56.25, 28.1, 14 M for 

CyAcpH. Reactions were transferred to pre-warmed shaker at 37°C and were quenched with 100 

mM EDTA pH 7.0 after 10 minutes. Samples were centrifuged and evaluated at 210 nm with 

HPLC using an acetonitrile gradient to determine apo-AcpP product formation. Michaelis-Menten 

kinetics were calculated using GraphPad Prism. 

FRET AcpH kinetics: Rhodamine-labeled FITC-Ybbr as well as standard 1:1 apo- FITC-

YbbR:rhodamine-CoA  was subjected to an 11-point serial dilution in 50 mM TrisCl pH 8.0 to 

achieve final concentrations of 400 – 0.4 M. PfAcpH, CyAcpH, PaAcpH and buffer blank were 

prepared to give a final solution added concentration of 1 or 0 M AcpH, 50 mM TrisCl pH 8.0, 15 

mM MgCl2, 1 mM MnCl2, and 1 mg/mL BSA. Total reaction volumes were 50 L and utilized a 96-

well Costar 3694 plate (Corning, Lowell, MA). Following mixing, reactions were centrifuged for 2 

minutes at 1500 rpm, and incubated at 37°C for 4 hours in a HTS 7000 plus Bioassay Reader 

(Perkin Elmer, Waltham, MA) in kinetic mode. Comparison of activity from 20-30 minutes to buffer 

blank and 1:1 apo-FITC-YbbR:rhodamine-CoA standard allowed calculation of product formation 

and determination of Michaelis-Menten kinetics using GraphPad Prism.  
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Supplementary Information 

  

 

Supplementary Figure 1. Purification of AcpH protein homologs. AcpH homolog protein 
from Cyanothece PCC7822 (a), P. aeruginosa (b), P. fluorescens (c), and S. oneidensis 
(c) was expressed recombinantly and purified using Ni-NTA chromatography.  

a) 

c) 

. 

 a. 

b) 
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Supplementary Figure 2. Analysis of CyAcpH activity with PKS-ACP and E. coli AcpP. 
CyAcpH is evaluated by SDS-PAGE with various crypto-CP (+) compared to buffer 
blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 3. P. fluorescens AcpH activity vs. various CP. PfAcpH is 
evaluated by SDS-PAGE with various crypto-CP (+) compared to buffer blanks (-) after 
overnight incubation at 37°C.  
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Supplementary Figure 4. Analysis of AcpH homolog activity with SyrB1 and MAS. 
AcpH homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 
(Cy) and S. oneidensis (So) are evaluated by SDS-PAGE with various crypto-CP (+) 
compared to buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 5. Analysis of AcpH homolog activity with MBP-PaAcpP. AcpH 
homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 (Cy) and 
S. oneidensis (So) are evaluated by SDS-PAGE with various crypto-CP (+) compared to 
buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 6. Analysis of AcpH homolog activity with Plasmodium AcpP 
and SoAcpP. AcpH homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece 
PCC 7822 (Cy) and S. oneidensis (So) are evaluated by SDS-PAGE with various crypto-
CP (+) compared to buffer blanks (-) after overnight incubation at 37°C. Coumarin-PPant 
from SoAcpP appeared to hydrolyze overnight in incubated samples compared to non-
incubated sample “0m”.  
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Supplementary Figure 7. Analysis of AcpH homolog activity with MtbAcpM. AcpH 
homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 (Cy) and 
S. oneidensis (So) are evaluated by SDS-PAGE with various crypto-CP (+) compared to 
buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 8. Analysis of SoAcpH activity with various CP #1. AcpH 
homolog from S. oneidensis (So) is evaluated by SDS-PAGE with various crypto-CP (+) 
compared to buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 9. Analysis of SoAcpH activity with various CP #2. AcpH 
homolog from S. oneidensis (So) are evaluated by SDS-PAGE with various crypto-CP 
(+) compared to buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 10. Analysis of AcpH activity with holo-SoAcpP at various time-
points. AcpH homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 
7822 (Cy) and S. oneidensis (So) are evaluated by Urea-PAGE with holo-CP (+) 
compared to buffer blanks (-E) after various incubation times at 37°C. Samples were 
quenched with EDTA at listed times. Blank samples were also prepared without Mn2+ (-
E-Mn) and without Mn2+/Mg2+ in order to evaluate non-enzymatic PPant hydrolysis.  

a) 

 

b) 
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Supplementary Figure 11. Analysis of PaAcpH and MBP-CyAcpH with PKS-ACP 
activity. AcpH homologs from P. aeruginosa (Pa) and MBP- fusion AcpH homolog from 
Cyanothece PCC7822 (MBP-CyAcpH) are evaluated by SDS-PAGE with various crypto-
CP (+) compared to buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 12. Analysis of AcpH homolog activity with AdmA and AdmI. 
AcpH homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 
(Cy) and S. oneidensis (So) are evaluated by SDS-PAGE with various crypto-CP (+) 
compared to buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 13. Analysis of AcpH homolog activity with CepK. AcpH 
homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 (Cy) and 
S. oneidensis (So) are evaluated by SDS-PAGE with various crypto-CP (+) compared to 
buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 14. Analysis of AcpH homolog activity with VibB and PltL. AcpH 
homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 (Cy) and 
S. oneidensis (So) are evaluated by SDS-PAGE with various crypto-CP (+) compared to 
buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 15. Circular dichroism analysis of CyAcpH and SoAcpH. 
Circular dichroism analysis of suspected inactive S. oneidensis AcpH (SoAcpH) 
compared to known active Cyanothece PCC7822 (CyAcpH) reveals strong alpha-helical 
character in SoAcpH at similar protein concentrations. This suggests that SoAcpH 
maintains consistent secondary structure.  
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Supplementary Figure 16. Sequence alignment of known active AcpH homologs to 
SoAcpH. Known active AcpH homologs from E. coli (EcAcpH),14,18 Cyanothece 
PCC7822 (CyAcpH), P. aeruginosa (PaAcpH),13,17 and P. fluorescens (PfAcpH) are 
aligned to the annotated hypothetical AcpH homolog from S. oneidensis (SoAcpH). The 
alignment reveals that only the SoAcpH lacks the suspected active-site aspartate 
residues predicted for Mn2+ binding.14   
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Supplementary Figure 17. Chemical structures of non-fusion ybbR peptide substrates. 
Variations of ybbR subjected to coumarin-PPant labeling AcpH activity Urea-PAGE 
analysis include free peptide (a), and FITC-conjugated peptide (b). A rhodamine-PPant 
conjugate was synthesized for FRET kinetics evaluation (c).  

a) 

 

b) 

 

c) 
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Supplementary Figure 18. Analysis of AcpH activity with coumarin-ybbR. AcpH 
homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 (Cy) and 
S. oneidensis (So) are evaluated by Urea-PAGE with crypto-ybbR and crypto-PksA (P) 
compared to buffer blanks (-) after overnight incubation at 37°C (+) or non-incubation (-).  
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Supplementary Figure 19. Analysis of AcpH activity with coumarin-labeled ybbR and 
FITC-ybbR. AcpH homologs from P. fluorescens (Pf), and Cyanothece PCC 7822 (Cy) 
are evaluated by Urea-PAGE with crypto-ybbR and crypto-PksA compared to buffer 
blanks (-) after overnight incubation at 37°C (+) or non-incubation (-). PMSF is also used 
to pretreat a PfAcpH sample to ensure that probe hydrolysis is not due to serine-
protease.  
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Supplementary Figure 20. Analysis of AcpH homolog activity with ybbR-eGFP fusions. 
AcpH homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 
(Cy) and S. oneidensis (So) are evaluated by SDS-PAGE with crypto- ybbR-eGFP N- 
and C-terminal fusions compared to buffer blanks (-) after overnight incubation at 37°C.  
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Supplementary Figure 21. Analysis of AcpH homolog activity with S6 peptide. AcpH homologs 

from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece PCC 7822 (Cy) and S. oneidensis (So) 

are evaluated by Urea-PAGE with crypto-S6 compared to no enzyme blanks (-), and no 

enzyme/Mg/Mn blank (-Mg/Mn) after overnight incubation at 37°C (+). 
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Supplementary Figure 22. Analysis of AcpH homolog kinetics with holo-EcAcpP. 
Reaction of AcpH homologs from P. fluorescens (Pf), P. aeruginosa (Pa), Cyanothece 
PCC 7822 (Cy) with holo-EcAcpP, and subsequent EDTA-quenching allow derivation of 
HPLC kinetic values. CyAcpH demonstrated significantly higher turnover, and required a 
lower enzyme concentration of 5 nM, compared to 1 μM utilized for other AcpH 

homologs. SoAcpH did not demonstrate activity in the qualitative assays, so was not 
evaluated for kinetics.  
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Supplementary Figure 23. Verification of EDTA quench method. AcpH homologs from 
P. fluorescens (Pf), and Cyanothece PCC 7822 (Cy) are evaluated to verify the holo- E. 
coli AcpP reaction termination expected by EDTA addition prior to evaluating HPLC 
kinetic samples. No conversion of holo- to apo- AcpP was observed following a10 
minute incubation at 37°C, followed by overnight incubation at room temperature.  
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Supplementary Figure 24. Analysis of AcpH homolog kinetics with crypto-ybbR-FITC. 
Reaction of AcpH homologs from P. fluorescens (Pf), P. aeruginosa (Pa),and 
Cyanothece PCC 7822 (Cy) in microwell format with crypto-yBBR-FITC allows derivation 
of HPLC kinetic values. While PaAcpH and CyAcpH appeared to demonstrate signal 
above background, PfAcpH demonstrated clear signal indicating substrate turnover.  
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Supplementary Figure 25. PfAcpH consensus substrate sequence and CP alignments. 
The consensus sequence of all PfAcpH active carrier protein sequences was generated 
using WebLogo (http://weblogo.berkeley.edu). The consensus demonstrates several 
residues matching those of the type II FAS ACPs as being particularly pervasive across 
active substrates (a). Inactive substrates contain 6 or fewer residues matching the 
consensus (b), while only one active substrate, ybbR, contains fewer than 6 residues 
matching the consensus.  

b.

. 

 a. 

a.

. 

 a. 

http://weblogo.berkeley.edu/
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Supplementary Table 1. Carrier proteins studied for AcpH activity. Carrier proteins 
used in this study used for PPant labeling and subsequent analysis of AcpH homolog 
activity via PPant hydrolysis. 

 

 

Protein Name Source Organism Accession Number 

F
A

S
 

AcpP E. coli NP_287228 

AcpP P. aeruginosa NP_251656 

AcpP S. oneidensis NP_718356 

PfACP P. falciparum 3GZL_A 

AcpM M. tuberculosis NP_216760 

MAS M. tuberculosis YP_006516394 

P
K

S
 

ActACP S. coelicolor NP_629239 

PksA A. parasiticus 2KR5_A 

Pks4 G. fujikuroi CAB92399 

JamC L. majuscula AAS98798 

JamF L. majuscula CAB46501 

AdmA P. agglomerans AAO39095 

N
R

P
S

 

AdmI P. agglomerans AAO39103 

VibB V. cholerae AAC45926 

CepK A. orientalis KF672793 

PltL P. protogens AAD24885 

SyrB1 P. syringae AAZ99831 
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Supplementary Table 2. Primers used for cloning. Primers used in the cloning/sub-
cloning for gene products used in this manuscript are depicted. 

 

Primer Name Primer Sequence (5’  3’) 

PfAcpH F1 AAAACATATGAATTATCTCGCACATCTGCACC 

PfAcpH R1 AAAACTCGAGTGCAAAGGCCTGCAACTCTGG 

PfAcpH R2 AAAACTCGAGTTAAAATTGGAGTGCAAAGGCCTGC 

PfAcpH R3 AAAACTCGAGAAATTGGAGTGCAAAGGCCTGCAAC 

CyAcpH F1 AAAACATATGAATTATCTGGCTCATTTATTTTTAGC 

CyAcpH R1 AAAACTCGAGAGCCAAGTTAACATAATCAATCAGTTG 

SoAcpH F1 AAAACATATGAACATTCTTACACACTTACATCTGG 

SoAcpH R1 AAAACTCGAGCTCGGGTAAGTAGTCAATTGGAG 

 

  



168 
 

Supplementary Methods 

General methods. All protein concentrations were determined using UV 

spectroscopy at 280 nM with the extinction coefficient calculated from derived amino 

acid sequences with the ExPASy (http://www.expasy.org/) ProtParam tool.37 

Cloning of AcpH constructs. The Pseudomonas aeruginosa PAO1 AcpH gene 

[PA4353] identified previously17 was cloned as described previously.13 Cyanothece 

PCC7822 AcpH (CyAcpH) PCR product was generated from genomic DNA using 

forward primer “CyAcpH F1” and reverse primer “CyAcpH R1” with Phusion polymerase 

(New England Biolabs). Shewanella oneidensis MR-1 AcpH (SoAcpH) PCR product was 

generated from genomic DNA using forward primer “SoAcpH F1” and reverse primer 

“SoAcpH R1” with Phusion polymerase. Pseudomonas fluorescens NCIMB 10586 AcpH 

(PfAcpH) primers were designed using the AcpH homolog sequence from Pseudomonas 

fluorescens SBW25, as it is the closest strain phylogenetically. PCR product was first 

generated from genomic DNA using forward primer “PfAcpH F1” and reverse primer 

“PfAcpH R1” using Phusion polymerase, generating low amounts of ~600bp and 

~1000bp products. Both ~600bp and ~1000bp products were submitted for sequencing 

using “PfAcpH F1” and “PfAcpH R1”and the 1000bp product contained a gene coding for 

a homologous AcpH. Reverse primer “PfAcpH R2” containing the stop codon and 

“PfAcpH R3” without the stop codon were designed from the derived PCR product 

sequence and used with forward primer “PfAcpH F1 to generate a new ~600bp band 

using nested PCR with Pfu polymerase, as Phusion did not generate product with the 

new primers. All final PCR products and template plasmid pET29b (Novagen) were 

treated with NdeI and XhoI restriction endonucleases (New England Biolabs), gel-

purified, ligated, transformed into E. coli DH5a, and sequenced for confirmation.  

http://www.expasy.org/


169 
 

AcpH holo-ACP kinetics sample preparation. E. coli holo-ACP was diluted into 

50 mM TrisCl pH 8.0, 250 mM NaCl, 10% glycerol, 30 mM MgCl2 and 2 mM MnCl2 

buffer to a concentration of 800 μM. Serial dilution of holo-ACP resulted in a final 

concentration range of 800-25 μM. AcpH was diluted from MOPS lysis buffer into 50 mM 

TrisCl pH 8.0, 250 mM NaCl, 10% glycerol and added to an equal volume of the holo-

ACP serial dilution to initiate the reaction. Reaction tubes were transferred to a pre-

warmed rack at 37°C and shaken for the duration of the experiment. Time points were 

collected at 10 minutes for Cy and PfAcpH and 60 minutes for SoAcpH by addition of 

reaction contents to 100 mM EDTA (pH 8.0). All samples were frozen at -80°C until 

evaluated by HPLC.  

Verification of EDTA quench with PfAcpH and CyAcpH. PfAcpH and CyAcpH 

were prepared in the same buffer conditions as the HPLC assay format in a 20 μL 

reaction volume, with the following alterations. Holo- E. coli AcpP was utilized at a final 

concentration of 150 μM. Each AcpH was prepared in four different manners: with no 

Mg2+/Mn2+, no Mg2+/Mn2+ + EDTA pre-quench, Mg2+/Mn2+, and Mg2+/Mn2+ + EDTA pre-

quench. EDTA quench involved an equal volume addition of 100 mM EDTA pH 7.5. 

Samples were incubated 10 minutes at 37°C and then quenched with EDTA if not 

already pre-quenched. Samples were then incubated overnight at room temperature to 

simulate the conditions experienced by HPLC samples while awaiting injection. One 

fourth volume of 5X Native-PAGE loading dye was added to samples, and 10 μL of that 

mixture was run on 20% Urea-PAGE for analysis. 

HPLC detection method. Kinetics samples were mixed briefly with finger 

flicking, and centrifuged at 13000 rpm for 10 minutes at room temperature prior to 

transferring contents into HPLC vials. 20 μL of each reaction time point was injected on 
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an Agilent 1100 series HPLC with column (Burdick & Jackson OD5 # 9575, 25cm x 4.6 

mm ID) using an acetonitrile/water gradient. Both water and acetonitrile contained 0.05% 

TFA. Method gradient for each injection: 0-5 min with 10% acetonitrile, 5-30 min with 10-

100% acetonitrile, 30-35 min with 100% acetonitrile, 35-37 min with 100-10% 

acetonitrile, 37-40 min with 10% acetonitrile. HPLC-grade solvents (J.T. Baker, 

Phillipsburg, New Jersey) were used exclusively. Apo- & holo-ACP protein standards 

were used to validate the retention times identified using 210nm UV light at 

approximately 21 and 19 minutes, respectively. Peak integration was performed for all 

samples, and substrate turnover was calculated from the ratio of apo- to holo- ACP 

present in the HPLC trace and the known concentration of total ACP in reaction 

samples. Calculated rates for AcpH versus substrate concentration were obtained 

through Excel data analysis and graphed in Prism GraphPad using the “Michaelis-

Menten” function for enzyme kinetics, with a zero data point added for substrate 

concentration of 0 μM*min-1 and 0 μM substrate for AcpH graphs. 

Circular dichroism analysis of select AcpH homologs. CyAcpH and SoAcpH 

protein preparations in Tris lysis buffer were desalted with PD-10 desalting columns (GE 

Healthcare) into 0.2 μm filtered 50 mM K2HPO4 pH 8.0, and subsequently diluted to 0.2 

mg/mL. Samples were kept on ice until transfer to 2 mm width quartz cuvette for analysis 

at 25°C. Scans were acquired in 0.5 nm increments averaged over 5 seconds from 260 

nm to 200 nm. Sample data was subjected to smooth and raw ellipticity was used in 

conjunction with specific protein residue number and molecular weight to calculate molar 

ellipticity using established procedures. 
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