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Investigating protein-ligand and protein-protein interactions in type II non-ribosomal 

peptide synthetases 
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Matt J. Jaremko 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2017 

Professor Michael D. Burkart, Chair 

 

 Non-ribosomal peptide synthetases (NRPSs) are responsible for the 

biosynthesis of many pharmaceutically relavant compounds. Type II NRPSs are an 

emerging subfamily of NRPSs that form hybrid pathways with type I fatty acid 

synthases (FAS), polyketide synthases (PKS), type I NRPSs, or others. The type II 

NRPSs commonly contain tailoring enzymes that generate unique substrate 

modifications, such as dehydrogenations and halogenation. Unlike type I NRPSs, the 

type II systems consists of standalone enzymes, an ideal feature for combintarial 

biosynthesis and metabolic engineering. Unfortunately, engineering efforts have been 



 

 
 

xxiii

met with limited success due to lack of understanding of protein-protein interactions 

inherent to these pathways. 

My dissertation work focuses on using structural biology to investigate type II 

pyrrole containing natural product pathways, specifically, the antifungal agent 

pyoluteorin and two prodiginine antitumor agents prodigiosin and undecylprodigiosin. 

Important to pyrrole formation are the peptidyl carrier protein (PCP) and the 

adenylation (A) domain. The PCP is post-translationally modified by a 4’-

phosphopanetetheine group (holo-PCP) at a conserved serine residue, and the terminal 

thiol serves as the point of attachment for all NRPS intermediates. The A domain 

facilitates covalent attachment of a specific amino acid to the holo-PCP. The PCP then 

shuttles the cargo from one tailoring enzyme to the next in an organized fashion (Fig. 

1) The two proteins are vital to precursor incorporation into pathways and substrate 

alteration. In many pathways (including pyoluteorin), a FADH2-dependent halogenase 

introduces chlorines to the pyrrole. Halogenation is essential for the biological activity 

of many natural products. Structural and chemo-enzymatic investigation of these three 

enzymes will aid in future engineering efforts in NRPS pathways.  

 In FAS and PKS pathways, the acyl carrier protein sequesters tethered 

substrates in a hydrophobic cleft between helix II and III for protection from 

undesirable reactions. Substrate sequestration in NRPS PCPs has not been 

demonstrated. To investigate the phenomena, we determined solution NMR structures 

of the type II PCP PltL, the peptidyl carrier protein from the pyoluteorin pathway (Fig. 

2). Naturally, PCP and substrate are covalently attached through a thioester bond, a 



 

 
 

xxiv

labile bond known to hydrolyze in aqueous environments. Chemoenzymatic methods 

were used to stabilize the pyrrolyl-PltL intermediate for protein NMR studies. The 

structures of both the holo-PltL and pyrrolyl-PltL intermediates were determined as 

the first functionally characterized type II PCP.  

 The recognition between PCP and A domain is specific in NRPSs. In fact, the 

homologous pairs from pyoluteorin and undecylprodigiosin pathways are only active 

with the cognate partner. We analyzed the homologous PCP and A domain from the 

prodigiosin pathway and, surprisingly, the PCP PigG was a promisicuous substrate for 

A domains from all three pathways.  We decided to structurally investigate the 

specificity differences between the pyoluteorin PltL and prodigiosin PigG. The 

solution NMR structure of holo-PigG was determined and compared to the structure of 

holo-PltL. The structural features of the two proteins are similar, as expected due to 

the distinct pyrrole PCP family. Although, dynamic simulations revealed significantly 

more flexibility in holo-PigG. NMR titration experiments revealed the loop 1 region of 

both PCPs that was significantly perturbed when the A domain partners were 

introduced (Fig. 4). Mutations to the loop 1 region of PltL and PigG significantly 

altered the loading activity of the A domains compared to mutations in other regions. 

The mutant studies further confirmed the importance of loop 1 in PCPs. 
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Chapter 1. Type II non-ribosomal peptide synthetases 

 

1.1 Overview of type II non-ribosomal peptide synthetases 

Natural products derived from microorganisms have many diverse biological 

functions and properties. The majority of drugs in the market from the past three 

decades are natural products or synthetic compounds inspired by natural products 

(Figure 1).1,2 The biosynthesis of these compounds have been studied extensively over 

the years due to the large spectrum of bioactivities exhibited by these compounds. 

Investigations into natural product biosynthesis allows for the discovery of novel 

chemical transformations and also provides a scaffold for future engineering of the 

pathways for enhances pharmaceutical compouds.  

 

Figure 1.1 The origin of all anti-cancer drugs from 1981 to 2010.1 

Non-ribosomoal peptide synthetases (NRPSs) are a large biosynthetic family 

that generate complex and medicinally-relevant natural products.3,4 As the name 

suggests, NRPSs incorporate precursor amino acids into the biosynthetic machinery 

for elongation into peptide products. The NRPSs are categorized into type I and type II 
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due to differences in overall architecture of the synthetases (Figure 2). The traditional 

type I NRPSs are large modular complexes containing all the enzymes necessary to 

generate a peptide product in an assembly line fashion. Type II NRPSs are standalone 

enzymes which coordinate to form unique amino acid derivatives (Figure 2).  

 

Figure 1.2 Type I vs type II non-ribosomal peptide synthetases. Gramicidin S (type I) and prodigiosin 
(partial type II) are used as examples of the two NRPS systems. A, adenylation domain; PCP, peptidyl 
carrier protein; C, condensation domain; DG, dehydrogenase.  

The type II NRPSs typically operate on a single amino acid substrate and, 

depending on the system, may modify the substrate by hydroxylation, dehydrogenase, 

cyclopropanation, and many more.5-7 The type II derivatives are further transferred to 

a variety of downstream pathways to generate a final hybrid product. The downstream 

pathways typically include type I fatty acid synthases (FASs), polyketide synthases 

(PKSs), or NRPSs. The unique modifications and standalone architecture make the 
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type II NRPSs ideal targets for combinatorial biosynthesis and metabolic pathway 

engineering to generate enhanced pharmaceutical compounds. However, engineering 

efforts have been met with limited success due to lack of understanding of protein-

protein interactions inherent to these pathways. The central protein vital to the 

organization of all NRPSs is the peptidyl carrier protein (PCP).  

 

1.2 Pyrrole biosynthesis in type II NRPSs 

The majority of my doctoral research was focused on pyrrole biosynthesis in 

type II NRPSs. Pyrroles are found in many diverse compounds, including the 

prodiginines, pyoluteorin, chlorizidine A, and pyralomicin (Figure 3A). The 

prodiginine compounds are derived from numerous species and have many biological 

properties.8 The prodiginine derivative obatoclax was recently examined in stage II 

clinical trials as an anticancer therapeutic for hematologic tumors.9 Pyoluteorin is an 

antifungal agent and the producing specie Pseudomonas putida serves as a promising 

biopesticide during crop production.10 The recently discovered marine Streptomyces 

sp. metabolite chlorizidine A exhibits notable anti-tumor activity targeting human α-

enolase and glyceraldehyde-3-phosphate dehydrogenase within the glycolytic 

pathway.11,12 Clorobiocin and other aminocoumarin compounds inhibit bacterial DNA 

gyrases making the compounds highly effective antibiotic agents.13 The Streptomyces 

sp. metabolite hormaomycin is a structurally complex compound that exhibits highly 

potent activity against Coryneform bacteria and influences interspecies differentiation 

and metabolism.14,15 A pyrroline intermediate is generated by a type II NRPS system 
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in the biosynthesis of anatoxin-a. Anatoxin-a is a neurotoxin produced by 

cyanobacteria that contributes to water contamination and health issues.16-18 Overall, 

the pyrrole natural products are structurally and functionally diverse and display a 

wide range of bioactivities. 

 

Figure 1.3 Type II pyrrole natural products and biosynthesis. (A) Natural products containing the type II 
pyrrole. (B) Mechanistic proposal for pyrrole biosynthesis by PCP, adenylation (A) domain, 
dehydrogenase (DG). The black bar and teal circle above the PCP denotes phosphopantetheine. 



 
 

 
 
 

5

The first pyrrole type II enzymes to be identified were from the pyoluteorin, 

coumermycin, and undecylprodigiosin pathways.19-21 The core enzymes for pyrrole 

formation are the type II PCP, adenylation (A) domain, and FAD-dependent 

dehydrogenase. The continued discovery of homologous enzymes illustrates the 

prevalence of the family in nature.22-28 In the pyoluteorin pathway, pyrrole formation 

is initiated by the A domain PltF, which activates a ʟ-proline to prolyl-AMP and 

facilitates transfer to the pantetheine arm of PltL (Figure 3B).5 Interestingly, the 

homologous A domains (PltF/RedM) and dehydrogenase (PltE/RedW) in pyoluteorin 

and undecylprodigiosin biosynthesis were specific for their native PCP illustrating the 

importance of protein-protein recognition in this family.5 

The proline dehydrogenases perform a four electron oxidation on the tethered 

proline to generate pyrrole (Figure 3B). The two step catalysis was confirmed in the 

homologous dehydrogenases from the biosynthesis of coumermycin and clorobiocin 

by electrospray ionization-fourier transform mass spectroscopy (ESI-FT MS) 

analysis.29 Recently, an analogous pyrroline type II system was discovered in the 

biosynthesis of anatoxin.30,31 In contrast to the pyrrole forming dehydrogenase, the 

anatoxin-a dehydrogenase AnaB selectively catalyzes a two electron oxidation.31 

Bioinformatic analysis of AnaB indicates the enzyme belongs to the acyl-CoA 

dehydrogenase superfamily and, therefore, is proposed to catalyze an α/β 

dehydrogenation on proline and then facilitate an aza-allylic isomerization to generate 

(S)-1-pyrolline-5-carboxylic acid tethered to PCP.32,33 No structure of the proline 

dehydrogenases have been determined yet. 
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1.3 Structure and function of the type II PCP and other type II CPs 

Carrier proteins (CPs) are small, ~10kDa proteins that consist of a four α-

helical bundle (Figure 4A).  In CP-dependent pathways, the carrier protein must 

interact with multiple enzymes to coordinate product biosynthesis. Before interacting 

with partner proteins, all carrier proteins must first be activated from apo to holo form 

(Figure 4B). The transformation, catalyzed by a phosphopantetheinyl transferase, 

involves the attachment of phosphopantetheine from coenzyme A to a conserved 

serine on the carrier protein.34 The conserved serine is located at the N-terminus of 

helix II of the carrier protein. During biosynthesis of CP-dependent pathways, 

precursors and intermediates are all attached to the terminal thiol of the pantetheine 

arm through a thioester bond. The tethered substrates have been shown to have 

important functional interactions with the carrier protein. 
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Figure 1.4 Carrier protein structure and activation. (A) The carrier protein consists of four α-helices 
exemplified by the type II FAS ACP from Streptomyces coelicolor. A conserved serine is located at the 
N-terminus of helix II in all carrer proteins. (B) Carrier proteins are activiated by the covalent 
attachment of phosphopantetheine from coenzyme A to the CP conserved serine. The reaction, termed 
holoficaiton, is facilitated by a phosophopanteteheinyl transferase (PPT). 

In type II FAS and PKS pathways, carrier protein substrate sequestration has 

been recognized as an important phenomenon. Type II carrier proteins are standalone 

enzymes that must recognize several partner in a particular order for intermolecular 

reactions to occur on the carrier protein. Before interacting the partner proteins, the 

carrier protein has been shown to protect the tethered substrate from reactive species 

in the cytosol. Here the intermediate is sequestered within a hydrophobic pocket 

between helix II and III of the carrier protein. Both solution NMR and X-ray 

crystallographic structures of type II FAS carrier proteins with attached fatty acid 

intermediates reveal the fatty acid is buried in the hydrophobic pocket between helix II 

and III.35-37 NMR investigation on the type II PKS carrier protein ActACP from the 

actinorhodin pathaway revealed that ActACP-tethered intermediates also sequester in 
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the pocket between helix II and III (researched discussed in chapter 2).38,39  While 

helix II and III of the PCP has been shown to be important for partner protein 

interactions, there has been no demonstration of PCP substrate sequestration. My 

dissertation work includes investigation of substrate sequestration in PltL, a type II 

PCP from pyoluteorin biosynthesis. The research is discussed in chapter 3.  

 

1.4 Chemoenzymatic manipulation of the peptidyl carrier protein 

In NRPS biosynthesis, the PCP-ligand and PCP-partner protein interaction are 

difficult to study due to labile chemical bonds and fast, transient interactions.  The 

peptidyl carrier protein and substrate intermediates are covalently attached through a 

thioester bond. The labile properties of the thioester bond allows for frequent transfer 

of the substrate from PCP to PCP and eventually the final product is released from the 

final PCP. Although the thioester bond has increased stability in PCP-substrate 

complexes, the bond is still prone to hydrolysis in aqueous solution.40,41 The instability 

of the thioester bond impedes extensive strucphosptural analysis of the protein-ligand 

interactions. Therefore, chemoenzymatic methods were developed to circumvent the 

issue. 

 The biosynthesis of coenzyme A, the cofactor responsible for carrier protein 

holofication, consists of five enzymes, CoAA-E,42-44 although an abbreviated 

biosynthesis has been demonstrated starting from the precursor pantetheine.45,46 The 

enzymes CoAA, CoAD, and CoAE utilize adenosine triphosphate  (ATP) to convert 

pantetheine to coenzyme A (Figure 5). First, CoAA phosphorylates the 4’-hydroxyl 



 
 

 
 
 

9

group of pantetheine, followed by CoAD adenylation at the 4’-phosphate, and lastly 

CoAE phosphorylates of the adenylate 3’-hydroxyl group. These enzymes were shown 

to be promiscuous for synthetic pantetheine analogs with modifications on the thiol 

terminus, including replacement of the terminal thiol with a terminal amine. The 

finding allowed for the generation of many coenzyme A analogs that were accepted by 

the phosphopantheinyl transferase Sfp as a substrate for transfer of the mimetic 

phosphopantetheine to any carrier protein.  

 

Figure 1.5 Manipulation of the coenzyme A (CoA) biosynthetic machinery to generate PCP 
intermediate species. The CoA enzymes CoAA, CoAD, and CoAE are able to convert a pantetheine 
mimetic into a CoA analog. The phosphopantetheinyl transferase Sfp is capable of transferring the 
phosphopantetheine mimetic from the CoA analog to a CP for further analysis. 

The chemoenzymatic modification allows for generation of a stable amide 

bond between the carrier protein and attached substrate for more thorough analysis of 

their interactions. The method is utilized in chapter 2 and 3 of my thesis to investigate 
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substrate interactions with carrier proteins in type II PKS and NRPS pathways, 

respectively. Furthermore, the method can be utilized to crosslink the carrier protein 

and enzymatic partners. The interaction between carrier protein and partner protein is 

transient and therefore, difficult to capture for analysis. The introduction of a enzyme 

inhibitor on the CP-tethered pantetheine can mechanistically crosslink the protein 

partners. The technique has been utilized in our laboratory to capture and trap the 

otherwise transient interaction between the carrier protein and partner for further 

analysis.47-49 My dissertation work utilizes the technique and is discussed in Chapters 

2-4. 

 

1.5 Interactions between the peptidyl carrier protein and adenylation domain 

The adenylation (A) domain is as essential to NRPS pathways as the PCP. The 

A domain is responsible for amino acid incorporation into the biosynthetic machinery. 

The A domain facilitates covalent attachment of an amino acid onto the PCP-tethered 

pantetheine. The A domain attaches the amino acid to the PCP in two steps: the 

adenylate from ATP is transferred to the carboxyl group of an amino acid as an 

activation step, followed by nucleophilic attack of the carboxylic acid by the 

panetheine thiol. The active site of an adenylation domain is amino acid specific to the 

point where A domain sequence analysis can predict the preferred amino acid.50,51 The 

amino acid incorporation is controlled by the specific active site of the A domain, but 

just as important is the specificity of the A domain recognition of the PCP.  
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The interaction between PCP and A domain pairs is specific has demonstrated 

from early studies investigating cross species activity.5,52 The enterobactin A domains 

EntE and EntF (excised from large module) were able to recognize and aminacylate 

the non-cognate surfactin PCP SrfB1 (excised) and yersiniabactin Ybt PCP1 (excised), 

although the activity was reduced by greater than two-fold magnitude.52 Furthermore, 

the homologous pyoluteorin and undecylprodigiosin A domains and PCP were not 

cross compatible in aminoacylating the PCP with the identical proline substrate.5 

These studies illustrate the specificity of A domains for their cognate PCP.  

 

Figure 1.6 Crystal structure of EntB and EntE tightly bound by a mechanistic inihibitor. Darkened 
regions are important regions of contact between the PCP and A domain. The discovered interactions 
between the labelled residues led to mutational studies of the corresponding residues in the homologous 
A domain BasE to improve activity with the PCP EntB. 

Mutant studies on the hypothesized interfaces between the PCPs and A 

domains in the siderophore pathways revealed important regions between the two 

proteins.53-55 The HMWP2 aryl-CP is a poor substrate for aminoaclation activity by 
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the vibriobactin A domain VibE. Several residues of HMWP2 were mutated to the 

corresponding residues from the PCP VibB based on a Clustal sequence alignment. 

The VibE activity towards HMWP2 was increased significantly with mutants S49E 

and H66E, two residues predicted to be located in loop 1 and helix II, respectively.53 A 

directed evolution system was developed to mutate the vibriobactin type II PCP VibB 

and yersiniabactin aryl-CP PCP (excised from HMWP2) for increased recognition by 

the enterobactin NRPS machinery in an EntB-knockout E. coli strain.54 The cells were 

grown in iron-limited media to select for colonies with improved enterobactin 

biosynthesis, an enhancement presumably due to mutant VibB or HMWP2 that 

increased recognition by EntB protein partners. In vitro studies with the evolved 

mutant VibB, revealed that residues in the predicted loop 1 single turn helix and helix 

III were important for aminoacylation activity by the adenylation domain EntE.54 

Eventually, the structure of a PCP•A domain complex was determined in an 

aminoacylation conformation.55 The PCP and A domain were captured in the active 

state by utilizing a mechanistic-based inhibitor, which mimics the adenylation cofactor 

ATP to bind tightly in the A domain active site and reacts with the thiol of the PCP-

tethered pantetheine.56 The vinylsulfonamide inhibitor creates a tightly-bound, non-

covalent complex. The structure revealed that loop 1 of the EntB interacts exclusively 

with the EntE C-terminal region (a flexible subdomain in the ANL superfamily of 

adenylating enzymes57 that undergoes a ~140° rotation to facilitate thioester 

formation58) with several salt bridges and other ionic interactions present between the 

interface (Figure 6). The other important interaction is helix II of EntB and the hairpin 
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turn (D476-G471) of the EntE C-terminal domain between two long β-strands, which 

is stablized by hydrophobic and ionic interactions. The structure permitted mutational 

studies to increase aminoacylation activity of the non-homologous acinetobactin A 

domain BasE for the PCP EntB. Based on sequence comparison, BasE mutants 

M500R, Q506E, and Q512R were created that corresponded to the EntE residues 

important for EntB loop 1 interactions. These mutants alone and in combination 

increased the aminoacylation activity towards EntB confirming the importance of the 

interfaces. The PCP•A domain structures of PA1221 (type II NRPS), EntF (type I 

NRPS), and LgrA (type I NRPS) have further revealed contacts between the PCP loop 

1 and A domain C-terminal subdomain.59-61 Part of my dissertation studies the PCP•A 

domain interactions in the pyrrole-containing pyoluteorin and prodigiosin biosynthetic 

pathways and the work is discussed in chapter 4. 

 

1.6 FADH2-dependent halogenases in type II NRPSs 

Many natural products contain halogens that contribute to their biological 

properties,62,63 and several type II NRPS systems are responsible for chlorination of 

pyrrole. In some pathways, such as pyoluteorin, the PCP-tethered pyrrole is further 

modified by a FAD-dependent halogenase that catalyzes chlorination or bromination 

at different positions of the ring (Figure 7).24,28,64-66 The pyoluteorin FADH2 

halogenase PltA was the first PCP dependent halogenase to be characterized 

enzymatically.65 PltA catalyzes a two electron electrophilic aromatic substitution to 

form 5-chloropyrrolyl-PCP and then 4,5-chloropyrrolyl-PCP. The halogenases utilize 
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FADH2 and O2 to generate nascent HOCl, which is proposed to form a chloramine 

species with a proximal lysine residue for electrophilic pyrrole substitution.67 The 

recent crystal structure of PltA highlights K73, the proposed lysine residue involved in 

chlorine transfer (Figure 7).68 Furthermore, the C-terminal region of the PltA structure 

obstructs the halogenase active site and does not provide enough space for the 

pyrrolyl-PltL to access the region. The recognition between the partners must induce a 

conformational change, reiterating the importance of protein-protein interactions in 

this group. In addition, the halogenase HrmQ from the hormaomycin pathway was 

heterologously expressed in the clorobiocin producer Streptomyces roseochromogenes 

and, interestingly, the halogenase was able to chlorinate the naturally non-chlorinated 

pyrrole of clorobiocin.28 The reaction presumably occurs while the pyrrole is PCP-

tethered based on previous studies where PltA only chlorinates the pyrrole while 

attached to PltL.65 The combinatorial biosynthetic study suggests that some of the 

FADH2 halogenases are promiscuous towards other PCPs, but this has not been shown 

through in vitro studies. My dissertation worked involved development of inhibitors 

for FADH2-dependent enzmes, specifically PltA, with the hopes of generating a 

pantetheine-inhibitor probe that would crosslink PltL and PltA. The complex would 

provide information on how the proteins interact. The development of an inhibitor of 

FADH2-dependent enzymes is discussed in chapter 5. 
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Figure 1.7 Pyrrole chlorination in pyoluteorin pathway. (A) Structures of PltA and PltL. The FAD, 
conserved K73, and the C-terminal region are highlighted in PltA. The ppant-pyrrole is highlighted on 
PltL. (B) The proposed FAD mechanism for chlorination transfer to PltL. (C) The proposed 
chlorination  of PltL-tethered pyrrole. 
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Chapter 4. Engineering protein-protein interactions in NRPS type II 

PCPs 

 

4.1 Abstract 

In an effort to elucidate and engineer peptidyl carrier protein 

(PCP)/adenylation (A) domain interactions in type II nonribosomal peptide 

synthetases (NRPS)s, we analyzed biomolecular recognition of proteins involved in 

identical adenylation reactions in the related prodigiosin and pyoluteorin pathways 

using NMR spectroscopy. Of the PCPs discussed herein, only one, PigG, showed 

cross-species activity. NMR titration experiments demonstrated that biomolecular 

recognition perturbed the chemical shifts of residues in loop 1 of the PCPs, suggesting 

this loop is an important recognition element in type II PCPs. Characterization of the 

hitherto unknown NMR solution structure of PigG and molecular dynamic (MD) 

simulations of these PCPs revealed differences in the PCPs’ structures and dynamics. 

Mutational studies supported the role of loop 1 in molecular recognition, as mutations 

to this region of the PCPs modulated their activities. 

 

4.2 Introduction 

Type II non-ribosomal peptide synthetases (NRPSs) participate in hybrid 

biosynthetic pathways with fatty acid synthases, polyketide synthases, and type I 

NRPSs.1-3 These hybrid systems generate complex natural products that often 

demonstrate valuable bioactivities.4-6 Type II NRPSs typically modify amino acids 
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through oxidations, hydroxylations, and chlorinations,7-11 and these precursors provide 

unique features and diversity to the complete natural product. For example, the 

terminal pyrrole in the prodiginines is generated by a type II NRPS system. The family 

is known to have many antitumor and antimalarial activities.12,13 Another type II 

NRPS system hydroxylates and chlorinates a tyrosine that is incorporated into the 

antitumor agent C-1027.14 Given their makeup of primarily stand-alone proteins, type 

II NRPSs are ideal targets for metabolic engineering efforts, however the ability to 

design even simple NRPS systems remains challenging. 

 

Figure 4.1. (a) Pyrrole formation in pyoluteorin and prodiginine biosynthesis. PCP, peptidyl carrier 
protein; A, adenylation domain; DG, dehydrogenase. The black bar and teal circle above the PCP 
denotes phosphopantetheine. (b) A domain activity with cognate and non-cognate PCPs. 

 
4.3 Results and Discussion  

Previously, the homologous PCPs and A domains in the undecylprodigiosin 

and pyoluteorin pathways were shown to be specific for their cognate partner (Figure 
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1b, S1).7 We further examined the activity of PigG and PigI with these homologous 

pairs by monitoring the aminoacylated PCP product. The assay confirmed that PltF 

and RedM load only their cognate PCP, PltL and RedO, respectively (Figure 1b). 

Although, RedM has slight recognition for PigG. Interestingly, PigG was acylated by 

all three A domains. The promiscuity of PigG is surprising, especially for PltF, 

considering the low sequence identity (25.0%) between PigG and PltL. The identity 

between the prodiginine PCPs PigG and RedO is significantly higher (39.8%) (Figure 

S2). The results reveal varying specificities between partners and provide a model to 

study the important interfaces for protein-protein recognition in type II NRPS systems. 

Given PigG’s promisuicity, we set out to investigate the differences between its 

structure and that of PltL. 

We began by determining the NMR solution structure of holo-PigG in order to 

compare this structure with that of holo-PltL (Figure 2, S3-S5, Table S1). Our prior 

elucidation of the 3D NMR structure of PltL in holo and pyrrolyl forms demonstrated 

that type II PCPs have the capacity to sequester their substrates analogous to type II 

fatty acid and polyketide synthases.2,15,16  Both holo-PigG and holo-PltL possess a 

unique interruption in helix III,2 and the N-terminal portion of helix II in both PCPs 

has slight positive potential that could form electrostatic interactions with an A 

domain, as this PCP region is proximal to the A domain in the recent crystal structures 

(Figure 2c-d).17-19 In contrast, loop 1 of these PCPs varies significantly between the 

two structures (Figure 2 c-d). The loop 1 N-terminal region of PigG (residues 15-34) 

has a strong negative potential, while the same region of loop 1 of PltL (residues 19-



129 
 

 
 
 

40) has a weak positive potential. Interestingly, the PCP loop 1 region of the A•PCP 

crystal structures is in close proximity to the Asub domain, a flexible C-terminal 

region of the A domain (Figure S6).18  

 

Figure 4.2. The solution NMR structures and electrostatic potentials (ESPs) of PCPs. (a,b) Strucutre of 
holo-PltL and holo-PigG. Structure color maps represent the CSP in Figure 3. (c,d) ESPs of holo-PltL 
and holo-PigG. The color map ranges from –5 kT e–1 and 5 kT e–1. (e,f) Backbone (heavy atom) root 
mean square deviations of holo-PltL (e) and holo-PigG (f). Data from 5 independent cMD simulations 
are colored uniquely. 
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Conventional and Gaussian accelerated MD simulations of the two PCPs were 

performed. Analysis of the simulation data revealed significantly larger backbone 

heavy root mean square deviations (RSMDs) in holo-PigG (suggesting), indicating 

that PigG is less well-ordered than PltL.  The greater flexibility of holo-PigG may 

allow it to sample conformations that can be recognized by noncognate adenylation 

domains (Figure 2e-f). 

 

Figure 4.3. Perturbations of PigG and PltL due to interaction with A domains. (a) 1H-15N HSQC 
overlays of mholo-15N-PltL with increasing PltF concentrations. (b) CSP plots of mholo-15N-PltL with 
PltF or PigI relative to mholo-15N-PltL alone. (c) CSP plots of mholo-15N-PigG with PigI or PltF 
relative to mholo-15N-PigG alone. 
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NMR titration experiments were next performed for each PCP with the A 

domains PltF and PigI to inform the interface residues required for product formation. 

To capture the productive interaction between carrier protein and A domain, we 

methylated the thiol on the holo-PCP, as a conservative modification, to prevent 

aminoacylation. The S-methylated holo-PCP (mholo-PCP) was generated by 

synthesizing a methylated coenzyme A (CoA) (Figure S6), which was subsequently 

phosphopantetheinylated onto apo-PCP by the action of Sfp.20,21 1H-15N HSQC 

spectra were collected using mholo-15N-PltL or mholo-15N-PigG solutions with PCP•A 

domain molar ratios ranging from 0 to 1.6 and the chemical shift perturbations (CSPs) 

of the assigned backbone peaks were calculated (Figure 3, S7-S8). For PltL titrations, 

significant linear peak perturbations were observed as PltF concentrations increased, 

while no significant perturbations were observed when PigI was introduced (Figure 

2a-b, 3 b-c), indicating a lack of functional interaction. For PigG titrations, significant 

peak perturbations were observed as both PigI and PltF concentrations were increased, 

which agrees with the PigG promiscuity seen in product formation assays (Figure 1b). 

In fact, PigG NMR signal was effectively lost when PltF exceeded 0.4 molar 

equivalence, indicating that PigG imparts a significantly stronger affinity for PltF than 

PigI. Interestingly, when both PltL and PigG interacted with an A domain, significant 

peak perturbations were observed in residues situated in loop 1 between helix I and II 

(Figures 2a-b, 3b-c). Furthermore, the diminished residues of PigG at 0.4 equivalence 

PltF were located in loop 1 (residues 20-21, 28-29, 32-33, 35) of PigG (Figure S8), an 

indication of binding of this region to the significantly larger A domain. The dramatic 
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loss of PigG signal in presence of PltF agrees with the decreased product formation of 

the A domain compared to PigI (Figure 1b), where the affinity between the enzymes 

may delay the release for proline loading on subsequent PigG species.  

Further inspection of the simulation data with respect to the loops of these 

PCPs suggest subtle differences in their flexibilities. The largest loop fluctuations in 

the PltL occur at the beginning of the loop; whereas the end of loop undergoes greater 

fluctuations in PigG (Figure S9). To our knowledge, loop 1 has never been 

demonstrated to play a role in the function of carrier proteins in any pathway. Given 

this important finding, we next performed mutational analysis on the PCPs to further 

assess the importance of the loop 1 region. 

Based on the difference in dynamics of the PCPs and the activity in loop 1 in 

the presence of A domain, mutational studies were performed on the PCPs in three 

regions: residues on loop 1 (Figure 4, red), residues underneath loop 1 that interact 

with the region (Figure 4, orange), and residues on helix I and II that interact to hold 

the helices together via intramolecular interactions (Figure 4, blue). Based on polarity 

differences and length of the loop, residues of PigG were mutated to the corresponding 

residues on PltL in each region and vice-versa (Figure S10). Each mutant PCP species 

was analyzed in the adenylation assay with either PltF, PigI, or RedM to determine the 

influence of the different PCP regions. PigG mutant species 1 lost significant 

recognition with all three A domains compared to mutant species 2 and 3 (Figure 4c, 

S11). PltL mutant species did not significantly alter recognition with the A domains, 

although the PltL mutant species 1 did gain minimal function with RedM. The 
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activities gained or lost for these mutants with the A domain illustrates the importance 

of loop 1 in the pyoluteorin and prodigiosin type II PCPs and highlights a region of 

carrier proteins that has not been identified before as critical to activity.  

 

Figure 4.4. PCP loop 1 modification alters interactions with homologous A domains. Residues were 
mutated in loop 1 (red), underneath loop 1 (yellow), and between helix I and II (blue). (a) Sequence 
alignment of PigG and PltL using MUSCLE.22 (b) holo-PigG NMR structure docked to model structure 
of PigI. Mutated residues are highlighted in red, blue, and orange and are explained in (c). (c) 
Adenylation assays with mutated PigG and either PigI or PltF. Astericks indicate PltL mutant 2 variants 
were not analyzed due to instability. 

 
4.4 Conclusion 

The type II NRPS systems produce unique moieties in natural product 

biosynthesis, and their architecture offers potential for the development of engineered 

biosynthetic pathways. Here we demonstrated that type II PCPs in homologous 

pathways present different specificity profiles with regard to adenylation domain 

partners. Solution structures, MD simulations, and NMR titration experiments were 

used to identify a loop region of the carrier proteins that has not been previously 

scrutinized. Mutational studies demonstrated the significance of the loop 1 interface 

by altering A domain recognition and validates this location as a potential hot spot for 

A domain selectivity. NRPS pathways rely on the fidelity of protein-protein 
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interactions between each A domain and PCP cognate pair for the proper loading of 

starter units. A fundamental understanding of the interactions between these partners 

should allow for engineering and eventual control over the identity of amino acids 

incorporated into pathways. The PCP loop 1 should also be considered when 

investigating other unique type II partners, including halogenases and 

cyclopropanases.23,24 It has become clear that control over PCP and partner enzyme 

recognition will contribute to the future engineering of carrier protein dependent 

pathways. 

4.5 Supporting Content 

Expression and purification of proteins 

pET22b-PigG, pet22b-PltL, pet37b-RedO, pet22b-PigI, pet37b-PltF, and 

pet37b plasmids were obtained from the laboratory of Christopher Walsh at Harvard 

University7,25. The plasmids were transformed into BL21 (DE3) cells. The BL21 cells 

were grown in Luria-Bertani (LB) media containing 50 mg/L kanamycin (pet37 

constructs) or 100 mg/L ampicillin (pet22b constructs). Expression was induced with 

0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at an OD600 of 0.9, and the 

cells were incubated an additional 16 h at 16 °C. The cells were harvested by 

centrifugation at 1000 relative centrifugal force (RCF). The pelleted cells were re-

suspended in 30 mL of lysis buffer (150 mM NaCl, 50 mM Tris pH 7.5, 10% glycerol) 

and lysed in a French pressure cell. The lysate was then centrifuged (12000 RCF) for 1 

h to remove insoluble debris. The His6-tagged proteins were purified using Ni-NTA 

resin (Novagen). 
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Uniformly labeled 15N-PigG and 15N-PltL were expressed by culturing cells in 

M9 minimal media (1 L) supplemented with 1 g 15N-NH4Cl, 4 g D-glucose, and 100 

mg of ampicillin. 15N-PigG and 15N-PltL were expressed and purified as in above. 

pET22b-PigG and pRep4-Sfp (obtained from the laboratory of Christopher 

Walsh at Harvard University) plasmids were co-transformed into BL21 (DE3) cells. 

The BL21 containing both constructs were grown in M9 minimal media (1 L) with 4 g 

13C-D-glucose, 1 g 15N-NH4Cl, and 100 mg of ampicillin. Uniformly labeled 13C,15N 

holo-PigG was expressed and purified as mentioned in section B.2. 13C,15N holo-PigG 

was isolated from Sfp (no his-tag) during Ni-NTA purification. 

Protein NMR Studies 

For preparation of mholo-15N-PigG and mholo-15N-PltL, the thiol of coenzyme 

A (CoA) was methylated as previously described for thiol group in cysteamine (Figure 

S6).26 The methylated CoA was transferred to 15N apo-PigG and 15N apo-PltL by the 

phosphopantetheinyl tranferase Sfp (Figure S6).27 In this study, this was achieved by 

treating 1.5 mL of 400 µM 15N apo-PigG or 15N apo-PltL with 12.5 mM MgCl2, 2 

mM methylated CoA, 4 µM Sfp, 0.1% NaN3, and 5 mM TCEP in a 150 mM NaCl and 

50 mM Tris pH 7.4 buffer. The mholo-PCPs were purified on a Superdex 75 into a 50 

mM KPi 7.4 buffer. 

For holo-PigG NMR Data Collection and Structure calculations, the 13C,15N 

holo-PigG sample was prepared by first concentrating the FPLC pure protein in 50 

mM KPi pH 7.4. A 450 µL aliquot of the sample was then prepared for NMR by 

adding 50 µL of D2O, 5 µL of 10% (w/v) NaN3 and 5 µL of 0.5 M TCEP adjusted to 
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pH 7.4. The final concentration of 13C,15N holo-PigG was 1.5 mM. NMR spectra were 

collected at 25°C using NMR spectrometers at the UC San Diego Biomolecular NMR 

Facility operating at 1H frequencies of 500, 600, and 800 MHz. Backbone and 

sidechain assignments were made automatically assigned and manually inspected in 

NMRFAM-SPARKY28 utilizing the PINE-SPARKY extension29. Initial backbone 

assignments were obtained through a 3D HNCACB experiment by standard backbone-

assignment techniques correlating the backbone amides to their CA and CB atoms. 

The side chain 1H and 13C assignments were obtained from 13C-edited NOESY-HSQC 

and TOCSY-HSQC experiment (mixing time 60 ms). NOE data was obtained from 3D 

15N-edited and 13C-edited NOESY-HSQC experiments (mixing time 150 µs). NOE 

peaks were picked through restricted peak picking in Sparky and inspected manually. 

Torsion angle restraints (φ and ψ) were generated from backbone chemical shift data 

using TALOS-N30. NOE peaks were subject to automated assignment and structure 

calculations with CYANA31 in accordance with the chemical shift list and TALOS-N 

restraints. After CYANA calculations, the family of structures were refined in discrete 

solvent using the Crystallography and NMR System (CNS) 1.332,33, and scripted by 

Roberto Tejero's WaterRefCNS[3]. Output files were analyzed and prepared for 

submission by PdbStat34. Topology, parameter, and linkage files for 

phosphopantetheinylated serine (PNS) and were constructed using a combination of 

known atom types and additional information from the PRODRG server34. 

For NMR titration experiments, the proteins mholo-15N-PigG, mholo-15N-PltL, 

PigI, and PltF were prepared by first concentrating the FPLC pure proteins in 50 mM 
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KPi pH 7.4. The NMR titration samples contained 82.2 μM 15N-PCP, A domain (0, 

32.9, 65.8, 98.6, 131.5, or 164.4 μM), 10 % D2O, 0.1% (w/v) NaN3 and 5mM TCEP. 

After adding the sample, each NMR tube was flushed with argon, capped, and sealed 

with Teflon tape. All NMR spectra were acquired at 25 °C with a 1.2 s recycle delay. 

HSQC spectra were collected for each sample prepared in the same buffer for CSP 

analysis, collecting 2048 points (R+I) in the 1H direct dimension and 256 points (R+I) 

in the 15N indirect dimension. Chemical shifts were measured by peak maxima, and 

chemical shift perturbation was calculated using the formula CSP = ([(0.2δN)2 + 

(δH)2]/2)0.5. 

Mutational Studies 

For site-directed mutagenesis of PltL and PigG, the PltL and PigG mutants 

were introduced via quickchange PCR to determine the important PCP interfaces for 

interaction with the A domain. Sequences of mutated PigG and PltL are listed in 

Figure S16. The mutant PCPs were purified as the unlabeled enzymes above. 

For the adenylation assay, the PCPs were converted from apo-PCP to holo-

PCP by the Sfp20,21,27. In this study, this was achieved by treating 1 mL of 50 μM PCP 

with 12.5 mM MgCl2, 2 mM CoA, 4 µM Sfp, 0.1% NaN3, and 5 mM TCEP in a 150 

mM NaCl and 50 mM Tris pH 7.4 buffer. The mholo-PCPs were purified on a 

Superdex 75 into a 50 mM Tris pH 7.4, 150 mM NaCl, and 5% glycerol buffer. 

The adenylation reaction (15 μL) contained 50 mM Tris pH 7.4, 12.5 mM 

MgCl2, and 2 mM TCEP, 5 mM ATP, 5 mM L-proline, 15 μM holo-PCP, 0.27 μM A 

domain. The reactions were incubated at 25°C for 5 min (WT experiment) or 1 h 
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(mutant experiment) then quenched with 3 μL of 10% formic acid. The solution was 

centrigured for 10 min at 13,000 rpm. The supernatants were passed over a C18 

column (Ascentis Express Peptide ES-C18) using 5% solvent B for 2 min, then 

increasing 5–40% B over 8 min, and finally 40-44% over 10 min (solvent A = H2O, 

0.05% trifluoroacetic acid; solvent B = CH3CN 0.05% trifluoroacetic acid). Analyses 

were conducted on HP 1100 series HPLC (Agilent) equipped with a G1315A DAD 

detector (Agilent). The elution of the protein was monitored by absorbance at 210 nm. 

Computation methodology 

Initial coordinates for simulations of PltL and PigG, were prepared using the 

NMR solution structures reported previously2 and herein, respectively. All molecular 

dynamics (MD) simulations were performed using the AMBER ff14SB force field.35 

The carrier proteins were simulated in their holo forms, which features a conserved 

serine residue is phosphopantetheinylated post-translationally. In this work, that 

modified serine was treated as a nonstandard residue. The Restrained Electrostatic 

Potential (RESP) methodology36 was used to generate partial charges for the atoms in 

this residue using a HF/6-31G(d) electrostatic potential. Ab initio computations were 

performed using Gaussian 09.37 The ANTECHAMBER38 program of AmberTools1439 

was used to generate AMBER or GAFF40 type parameters. The H++ webserver41-44 

was used to determine the protonation states of all titratable residues of holo-PltL and 

holo-PigG, assuming an external dielectric constant of 80, a salinity of 0.150 M, and a 

pH of 7.4. The protonation states of histidine residues were confirmed ‘by hand’. The 

resulting structures were solvated with TIP3P45 water, such that no proteinogenic atom 
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was less than 10 Å from any box edge, and were neutralized using the TLEAP 

program of AmberTools15.39 Na+ and Cl– ions were added to the system to mimic 

physiological conditions (ca. 0.150 M). 

All conventional (cMD) and Gaussian accelerated molecular dynamics46-49 

(GaMD) simulations were performed using the GPU-compatible PMEMD engine 

available in a modified version of Amber1439. Simulations utilized the SHAKE50 

algorithm to constrain all bonds between nonpolar and hydrogen atoms; a 2.0 fs time-

step was used in these simulations.51  Long-range electrostatics were calculated using 

the Particle Mesh Ewald (PME) method with a 10.0 Å cutoff was used for nonbonded 

interactions. In all simulations, the Langevin thermostat ( with  = 1.0 ps–1) was used 

to maintain temperature control.52 After a two-step minimization process, in which 

solvent molecules were allowed to relax before the entire system was minimized, the 

system was slowly heated to 305 K over 0.4 ns in an NVT simulation. The systems 

where then equilibrated for 1 ns by performing isothermal-isobaric (NPT) simulations 

at 305 K using a Monte Carlo barostat. Five 1 s NPT production-grade cMD 

simulations of each system were performed. 

Five independent production GaMD simulations for each protein were 

performed as follows: The system threshold energy was set as E = Vmax; maximum 

(Vmax), minimum (Vmin), average (Vav), and the standard deviation (v) of the system 

potential were determined from a 2 ns nonbiased NVT simulation.  GaMD simulations 

included a 2 ns equilibration period; these portions of each independent simulation has 
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been excluded from analysis. Production-grade GaMD simulations were performed 

using NPT ensemble. 

The electrostatic potentials of PltL and PigG were computed using the 

Adaptive Boltzmann-Poisson Solver53-57 (ABPS) webserver, using default values. The 

pdb2pqr58,59 server was used to generate pqr files, which serve as inputs for the ABPS. 

PROPKA60 was used to determine protonation states of titratable residues in PltL and 

PigG, assuming a pH of 7. The partial charges, radii, and internal naming schemes for 

the atoms in these systems were derived using the AMBER94 force field.61 The 

electrostatic potential of PltL and PigG were mapped onto the respective surfaces of 

these proteins using the ABPS plugin for Pymol (v1.8.6). The color range of the 

electrostatic potential maps shown shown in Figure 2 span from –5 kT e–1 to 5 kT e–1. 

Simulations frames were written very 5 ps for analysis. MD trajectories were 

analyzed using the CPPTRAJ62 module of AmberTools14, PYTRAJ, a Python packing 

binding to CPPTRAJ,53 and MDTraj63. Gaussview5,64 Pymol v1.8,65 and VMD66 were 

used throughout the course to prepare and to visualize structures. All images of protein 

structures depicted herein were rendered using PyMOL. 

The structure depicted in Figure 4 of the main text was constructed by 

generating a structure model through comparative modeling and that was then 

subjected to protein-protein docking simulations with PigG (NMR solution structure). 

The homology model of PigI was generated using Prime67-69 and Maestro70 modules of 

Schrodinger 2017-1.71 Comparative modeling was performed using the EntF structure 

(PDB code: 5T3D)19 as a template structure. Although this template structure shows 
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low similarity with PigI (ca. 22%), it exists in a PCP-bound conformation. Sequence 

alignment was preformed using Prime’s alignment program, STA, which has been 

developed to align low sequence identity (~25 to ~50 %) templates. A model structure 

of PigI – based upon this sequence alignment – was constructed using an energy-based 

method that utilized the OPLS200572-74 force field.  

Protein-protein docking simulations were performed using the RosettaDock 

webserver.75-77 RosettaDock performs a local search of configuration space and 

consequently, a structure of a “guess” complex is required as an input. This input 

structure was prepared by aligning PigG and PigI homology model to the relevant 

domains of EntF using Pymol. The highest scoring model generated in this was 

subjected to further refinement using the webserver. The lowest energy ‘refined’ 

model of the PigI-PigG complex is depicted in Figure 4 of the main text. Note that 

these structures are crude and are used only in an illustrative fashion. 
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4.6 Supporting Table and Figures 

Table S4.1 holo-PigG Solution NMR Structure Statistics 

Assignment Statistics (%) (residues 1‐88) 

backbone H  94.8 
backbone non‐H  95.5 
side chain H  98.4 

Structure Calculations    

Distance restraints  2084 
short‐range, | i‐j | <= 1  1671 
medium range, 1<| i‐j |<5  339 
long‐range, | i‐j |>=5  258 
Dihedral Angle Restraints  144 

Structure Statistics    

Average final CYANA target function 
(Å2)  1.82 
Average cycle1 CYANA target function 
(Å2)  98.22 

CNS energies (kcal/mol)  -2718.33
Restraint Violations    

Max. distance restraint violation (Å)  0.5 
Violated distance restraints > 0.2 Å  4 
Violated dihedral angles  0 

CYANA Ramachandran Plot    

Residues in most favored regions  87.6% 
Residues in additionally allowed 
regions  12.4% 
Residues in generously allowed regions  0.0% 
Residues in disallowed regions  0.0% 

CYANA RMSD (residues 4‐82)    

Average backbone RMSD to mean  0.46 ± 0.09 Å 
Average heavy atom RMSD to mean  0.97 ± 0.09 Å 
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Figure S4.1. HPLC chromatograms of holo-PCP aminoacylation. (a) holo-PigG aminoacylation reaction 
with PltF, PigI, and RedM. (b) holo-PltL aminoacylation reaction with PltF, PigI, and RedM. (c) holo-
RedO aminoacylation reaction with PltF, PigI, and RedM. The HPLC gradient utilized was 5% solvent 
B for 2 min, then increasing 5–46% B over 7 min, and finally 46-52% over 6 min (solvent A = H2O, 
0.05% trifluoroacetic acid; solvent B = CH3CN 0.05% trifluoroacetic acid). 
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Figure S4.2. Phylogenetic tree of PCPs and A domains. (a) PCP phylogenetic tree with PCP selected 
that were used in this study or that are structurally characterized with the A domain partner. (b) A 
domain phylogenetic tree with A domains selected that were used in this study or that are structurally 
characterized with the PCP partner. The sequences were collected in Blast78 and aligned with Muscle22. 
The phylogenetic tree was generated with Fasttree79 and visualized with FigTree. 
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Figure S4.3. 1H-15N HSQC of ubiquitous 15N-labelled holo-PigG. The phosphopantetheine arm was 
15N-labelled by co-expressing PigG and Sfp in BL21 cultured in 15N minimal media. 
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Figure S4.4. 1H-13C HSQC (aliphatic region) of ubiquitous 13C-labelled holo-PigG. The 
phosphopantetheine arm was 13C-labelled by co-expressing PigG and Sfp in BL21 cultured in 13C 
minimal media. 
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Figure S4.5. 1H-13C HSQC (aromatic region) of ubiquitous 13C-labelled holo-PigG. 
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Figure S4.6. Loop 1 region in crystal structures of PA1221,17 EntF,19 and LgrA.18 The view is focused 
on the PCP and highlights the loop 1 region in red. The loop 1 region is part of the PCP•A domain 
interface in all three structures. A portion of the PA1221 loop 1 is unresolved in the crystal structure.
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Figure S4.7. Generation of S-methylated CoA and mholo-PCPs. (a) HPLC chromatograms of coenzyme 
A (blue) and 2 hr S-methylation reaction with coenyzme A (red). Coenzyme A is depleted after the 
reaction. (b) MS of S-methylated coenzyme A. (c) MS-ejection of the phosphopantetheine probe (ref) 
from mholo-PltL at a cone voltage of 55V. (d) MS-ejection of the phosphopantetheine probe (ref) from 
mholo-PigG at a cone voltage of 55V. 
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Figure S4.8. 1H-15N HSQC overlays of mholo-15N-PigG with PigI titrations. Residues with significant 
perturbations are highlighted. 
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Figure S4.9. 1H-15N HSQC overlays of mholo-15N-PigG with PltF titrations. Residues with significant 
perturbations or loss of signal are highlighted. 
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Figure S4.10. Backbone (blue) and side-chain (red) root mean square fluctuations of each residue of 
holo-PltL and holo-PigG. Loop 1 and the helical regions (based upon NMR solution structures of PltL 
and PigG the carrier protein are labeled under both graphs. Data from all 5 conventional MD 
simulations of each carrier protein were used to these RMS fluctuations. The root mean square 
fluctuations of PltL and PigG are shown below. Loop 1 of both carrier proteins are relatively flexible 
regions of the protein. Unlike type II fatty acid ACPs, helix 3 in PltL and PigG fluctuate significantly 
more than the other helices in the protein. This can be attributed to a proline residue in both structures 
that likely reduces the stability of this helix. 
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Figure S4.11. Sequence alignment of WT and mutant PCPs. The alignment was performed with 
MUSCLES.22 
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Figure S4.12.  HPLC traces of mutant PCPs in adenylation assay. 
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Figure S4.13. Backbone (heavy atom) root mean square deviations (RMSD) of holo-PltL (red) and 
holo-PigG (orange). Analysis performed on data collected from Gaussian accelerated molecular 
dynamics. GaMD simulation yield the same qualitative conclusion as do the cMD simulations: holo-
PigG is more flexible than holo-PltL. 
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Figure S4.14. Backbone (heavy atom) root mean square deviations (RMSD) of key secondary element 
of holo-PltL (red) and holo-PigG (orange). Analysis performed on data collected from conventional 
molecular dynamics. For both PCPs, helix III is much more disordered than helix II likely due to the 
presence of proline residue in this region of the proteins.  
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Figure S4.15. Homology model of PigI constructed as described in the main text. This structure was 
generated in order to generate the structural model of the PigG-PigI complex shown in Figure 4. Helices 
and sheets are colored in orange and blue in the image. The putative binding pocked (based on 
alignment of this structure with the EntF (5TAJ) for PigG is labeled. The coordinates of this model 
complex and that of PigI have uploaded in pdb format as additional supplementary files. 

  

putative PigG
site
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Figure S4.16. Superimposition of the NMR solution structure of PigG (white) and a model structure of 
the PigG mutant (orange) that shows altered activity. The portion of the 1st loop of mutant-PigG 
extended by addition of glycine and proline residue to the PigG primary sequence. Conserved serine 
residue that is post-translationally phosphopantetheinylated is a white sphere. Ordered helices are also 
labeled. 
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