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Abstract 
 

 The nocardicins are monocyclic -lactam antibiotics produced by the 

actinomycete Nocardia uniformis subsp., tsuyamanensis ATCC 21806. In 2004 

the gene cluster responsible for the biosynthesis of the flagship antibiotic, 

nocardicin A, was identified. This gene cluster accommodates a pair of non-

ribosomal peptide synthetase (NRPS) whose five modules are indispensible for 

antibiotic production. In accordance with the prevailing co-linearity model of 

NRPS function, a linear L,L,D,L,L pentapeptide was predicted to be synthesized.  

 Contrary to expectation and precedent, however, a stereodefined series of 

synthesized potential peptide substrates for the nocardicin thioesterase (NocTE) 

domain failed to undergo hydrolysis. The stringent discrimination against peptide 

intermediates was dramatically overcome by prior monocyclic -lactam formation 

at an L-seryl site to render now facile substrates for C-terminal epimerization and 

hydrolytic release. It was concluded through biochemical and kinetic 

experimentation that the TE domain acts as a gatekeeper to hold the assembling 

peptide on an upstream domain until -lactam formation takes place and then 

rapidly catalyzes epimerization and hydrolysis to discharge a fully-fledged 

pentapeptide -lactam harboring nocardicin G, the simplest member of the 

nocardicin family. 

An x-ray crystal structure of the TE domain revealed a catalytic center 

containing the expected Asp, His, Ser triad. Mutational analysis of these catalytic 

residues along with a proximal His established that the His of the catalytic triad 

was likely responsible for the epimerization activity rendered by the domain. 
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 The in vitro reconstitution of the termination module, or module 5, 

established that the -lactam core present in the nocardicins is formed within 

module 5 of the NRPS. This discovery has implications regarding the formation 

of the azetidinone moiety present in the entire class of monobactam antibiotics. 
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Chapter 1 

Introduction to Non-Ribosomal Peptide Synthetases and -
Lactam Antibiotics 

 

1.1 Non-ribosomal peptide synthetases 
 
 Non-ribosomal peptide synthetases (NRPSs) are giant, modular proteins 

that assemble peptide products from a pool of several hundred amino acid 

building blocks to form complex natural products. In addition to a wide spectrum 

of activity, these peptides possess structural diversity, often cyclic or branched 

cyclic moieties, including non-proteinogenic amino acids, small heterocyclic rings, 

and other unusual modifications within the peptide backbone.  NRPS derived 

products range from antibiotics such as penicillin, vancomycin, daptomycin and 

nocardicin A to siderophores like enterobactin and immunosuppressants such as 

cyclosporin A.  

1.1.1 NRPS catalytic domains 

 NRPSs exhibit a modular organization. In this system a module is a 

section of the NRPS’s polypeptide chain that is responsible for the incorporation 

of one amino acid into the final product (Figure 1.1). The modules are further 

divided into domains, which represent the enzymatic subunits that catalyze the 

individual steps of nonribosomal peptide synthesis (Figure 1.1). NRPS derived 

peptides can be either cyclic or linear depending on the mode of disconnection 

from the megasynthetase. Linear products such as the precursor of the 

penicillins, δ-(L-α-aminoadipoyl)-L-cysteinyl-D-valine (ACV) tripeptide and the 

heptapeptide backbone of vancomycin arise from simple hydrolysis of the 
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oxyester covalently attached to the active site serine of the C-terminal 

thioesterase (TE) domain (Figure 1.2). Cyclization products such as cyclosporin 

A, surfactin and fengycin arise from a head to tail macrocylization event 

catalyzed in the TE active site (Figure 1.2). During this process, the N-terminal 

tail of the peptide serves as the nucleophile for peptide disconnection from the 

substrate oxyester bound to the TE. A critical stage of the two different paths is 

encoded by the oxyanion hole that is present within the TE active site (composed 

of the catalytic triad Ser-Asp-His). Two amide bonds stabilize the negatively 

charged tetrahedral intermediate during release. In the instance of surfactin 

product release, a rigid proline residue adjacent to one of the stabilizing amide 

bonds reinforces the structural stability of the TE domain active site. It was later 

found that this proline is highly conserved in cyclizing TE domains.1 Conversely, 

a flexible glycine is at this same position in the hydrolyzing lipases, which may 

expedite the entry of water during a critical step of catalysis. Mutational work 

done on the proline present in the surfactin active site, in which the proline was 

replaced with glycine, confirmed this hypothesis.2 The amount of hydrolysis 

product formed from studies with this Pro to Gly TE mutant was dramatically 

increased relative to the wild type enzyme.2 This residue may therefore represent 

an evolutionary switch between cyclic or linear products produced in different 

enzyme families. 

 Thioesterase domains belong to the class of enzymes called α/β 

hydrolases, which is characteristic of a large family of enzymes including 

proteases, lipases, and esterases. The α/-hydrolase fold also provides a stable 
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scaffold for the active sites of a variety of other TE domains, which share only 

low sequence identity of 10-15%.3 The high sequence flexibility reflects the large 

array of functions mediated by these enzymes that require a rigid fold to ensure 

accurate alignment of reacting species for catalysis. One unifying characteristic 

of TE domains is the presence of a Asp-His-Ser catalytic triad in which the active 

site Ser is responsible for the covalent loading of the mature peptidyl-S-PCP 

intermediate.4 

 Alternatively, it should be noted that peptide release can also occur 

concomitant with reduction of the carboxy group catalyzed by the NADPH-

dependent reduction domain (R) to give linear aldehyde or alcohol products, 

such as in the yeast biosynthetic pathway for the essential amino acid lysine5 

and the biosynthesis of linear gramicidin A in B. brevis6 or by head to tail 

condensation mediated by the C domain as seen in cyclosporin synthetase.7 

 

 

Figure 1.1 | Schematic representation of a generic NRPS system 
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Figure 1.2 | Two major peptide release mechanisms catalyzed by TE 
domains. 

 

 Three domains are responsible for sequential substrate recognition and 

activation, transport to the respective catalytic centers, as well as amide bond 

formation which is essential for the synthesis of the peptide backbone and is an 

integral part of every NRPS module. These domains are the adenylation (A) 

domain, the peptidyl carrier protein (PCP) and the condensation (C) domain 

(Figure 1.1). In the NRPS paradigm, the PCP domain is post-translationally 

modified with 4’-phosphopantetheine (P-pant) in a reaction catalyzed by a 

phosphopantetheinyl transferase.8 The P-pant is transferred from coenzyme A to 

a conserved L-serine residue of the PCP, which converts the inactive apo-PCP to 
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its active holo-form. The holo-PCP represents the transport unit of the 

megasynthetase because it enables the activated amino acids and peptide 

intermediates to move between from one catalytic center to the next and be 

transported between modules. Peptide synthesis is initiated by the activation of 

specific amino acids followed by acyl transfer to its cognate PCP domain. In 

NRPS systems, amino acid selection and activation is carried out by an ATP-

dependent adenylation (A) domain followed by reaction of the resulting 

aminoacyl adenylate with the P-pant thiolate on a partner PCP domain to form a 

covalently bound aminoacyl thioester (aa-S-PCP) (Scheme 1.1). The A domain 

controls the entry of the amino acid substrate into the NRPS by selecting and 

activating a single amino acid stereoisomer from a pool of amino acids that may 

be available. The corresponding reaction in ribosomal synthesis is carried out by 

aminoacyl-tRNA-synthetases. However, these enzyme families share neither a 

sequence nor a structural relationship.  
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Scheme 1.1 | Activation of a selected amino acid via ATP and an A domain 
followed by transfer onto a downstream PCP thiolate. 

  

 The selected and loaded amino acids are commonly oligomerized through 

amide bond linkages, by condensation (C) domains. Within this domain, a 

nucleophilic α-amino group on the aminoacyl-S-PCPn reacts with an electrophilic 

carbonyl of the peptidyl-S-PCPn-1 (Scheme 1.2). Because peptide bond formation 

is the central reaction of nonribosomal synthesis, C domains are found in almost 

every NRPS elongation module. The catalytic site of C domain typically contains 

a HHXXXDG motif in which the second histidine is thought to be chiefly 

responsible for amide bond formation.9 
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Scheme 1.2 | Peptide bond formation catalyzed by C domains. 

  

 In all further chain extensions steps, the elongating peptide chain is 

transferred to the downstream modules until the linear product is bound to the 

last module, often referred to as the “termination module”. The linear 

intermediate undergoes hydrolysis or macrocylization catalyzed by the TE 

domain. This final step regenerates the free NRPS for another round of synthesis, 

while additional enzymes may post-synthetically modify the product released.  

1.1.2 NRPS editing domains 

 One of the hallmarks of NRPS products is the presence of D-amino acids. 

In -lactam antibiotic nocardicin A for example, 2 of the 3 amino acids comprising 

its structure are of the D-form. Generally, the A domains of NRPS assembly lines 
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select the readily available L-amino acids for activation and then downstream 

epimerization (E) domains catalyze the L- to D- transformation once the substrate 

is of the aminoacyl- or peptidyl-S-PCP form. E domains embedded in assembly 

lines occur precisely in the modules from which the D amino acids arise. In the 

example of gramicidin S synthetase, the first module is A-PCP-E, which 

produces a tethered D-phenylalanyl-S-PCP to start antibiotic chain growth, 

despite the fact that L-Phe is activated by the corresponding A domain in the 

module. This is because the E domain rapidly produces an equilibrium mixture of 

60%D-/40% L-Phe-S-PCP so that the downstream C domain in module 2 can 

select the D isomer to incorporate into the growing peptide strand.10 In examples 

where the E domain is encoded into elongating modules (as opposed to an 

initiation module as mentioned previously), it is thought that the most efficient 

epimerization occurs not at the L-aminoacyl-S-PCP stage before condensation 

but rather at the peptidyl-S-PCP stage after condensation yet before transfer to 

the next elongation module.11 In both cases of epimerization, the adjacent 

thioester linkage provides the thermodynamic accessibility and kinetic stability to 

a C-carbanion required for epimerization.12 Additionally, other editing domains 

may be present in NRPSs including formylation (F) domains, cyclization (Cy) 

domains, SAM dependent N-methtransferase (N-Mt) domains and FMN 

dependent oxidation (Ox) domains.13  

 The future of NRPS research lies in the development of chimeric enzymes. 

One of the most appealing aspects of the NRPS organization and architecture is 

the possibility of swapping non-cognate domains or modules in order to 
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synthesize a chimeric product. In the past this approach has faced serious 

problems mostly due to insufficient activity of the NRPS chimeras. In 2008 the 

crystal structure of the 144-kDa Bacillus subtilis termination module of SrfA-C 

was solved.14 Recent advances in crystallography and structure determination 

such as these have paved the way for the rational redesign of NRPSs as a 

means of producing novel bioactive peptides. 

 

1.2 -Lactam Antibiotics  
 

 The class of -lactam antibiotics consists of all antimicrobial agents that 

contain a -lactam ring in their molecular structures. This broadly includes 

penams, cephems, penems, carbapenems, clavams and monobactams as 

depicted in Figure 1.3 below. 

 

Figure 1.3 | -Lactam skeletons found in naturally occurring -lactam 
containing antibiotics.  

 

 Currently, four families of naturally-occurring -lactam antibiotics are 

currently known. The first class consists of the penicillins, which include the 

naturally-occurring penicillin N (1) and the oxidatively related cephalosporins and 
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cephamycins exemplified by cephalosporin C (2) and cephamycins C (3) 

respectively. The second class consists of the antipodal clavams or oxapenam 

fused ring system typified by clavulanic acid (4). The weak antibacterial activity of 

4 is unimportant, as this compound is valuable as an efficient inhibitor of -

lactamases from both Gram-positive and Gram-negative bacteria. The third 

family consists of carbapenem-3-carboxylic acid (5) and the more highly 

elaborated carbapenems such as the one of the most potent naturally produced 

antibiotics known thus far, thienamycin (6), and the monocyclic -lactams 

exemplified by nocardicin A (7) and monobactams as sulfazecin (8) (Figure 1.4).  

 

Figure 1.4 | Representative structure of the four naturally occurring families 

of -lactam antibiotics. 

 
 The modern age of antimicrobial drugs began with the clinical use of the 

azo dye sulfanilamide in the mid 1930’s. The popularity of the sulfonamides, 

however, was quickly eclipsed less than a decade later with the introduction of 

penicillin in 1941. This powerful anti-bacterial agent was serendipitously 

discovered in 1928 by Alexander Fleming when he observed the absence of 

bacterial colonies grown in the vicinity of a contaminating Penicillium mold.15 The 

availability of semisynthetic penicillins, such as ampicillin and methicillin, in the 

1950’s effectively expanded the -lactam spectrum of activity and improved 
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effectiveness against emerging penicillin-resistant strains of Straphylococcus 

aureus. The clinical use of -lactamase inhibitors to counter resistance 

mechanisms to penicillin (i.e. clavulanic acid (4)) further increased the utility of 

administered -lactam antibiotics.16 Up until 2003, when measured by sales, 

more than half of all commercially available antibiotics in use were -lactam 

compounds.17 

1.2.1 Bacterial cell wall biosynthesis 

 The -lactam class of antibiotics targets peptidoglycan cell wall 

biosynthesis in bacteria. This is a useful mode of action, from a drug target 

perspective, because the peptidoglycan layer of the bacterial cell wall is not 

present in mammalian cells. This outer cell wall provides the structural integrity 

necessary to withstand high osmotic pressures (5 – 15 atm) created by high 

intracellular solute content and the hypotonic extracellular environment of 

bacteria. Peptidoglycan is a polymer consisting of sugars and amino acids that 

forms a mesh-like layer outside the plasma membrane of bacteria (Figure 1.5). 

The sugar component consists of alternating residues of -(1,4) linked N-

acetylglucosamine and N-acetylmuramic acid. Attached to the N-acetylmuramic 

acid units is a peptide chain of three to five amino acids. This peptide chain can 

be cross-linked to the peptide chain of a nearby strand to form the mature mesh 

framework of the outer cell wall membrane (Figure 1.5).  
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Figure 1.5 | Depiction of bacterial cell wall peptidoglycan layer. Top: sugars 
and peptides found in peptidoglycan matrix. Bottom: Chemical structure of 
glycosyl and peptidyl crosslinks indicated in blue and red respectively. PG = 
peptidoglycan. 
 

 The biosynthesis of the peptidoglycan layer is characterized by three 

stages.18 First, a UDP-N-acetylmuramic pentapeptide is assembled. In the 

second stage, a linear polymer is formed from UDP-N-acetylmuramic 

pentapeptide and UDP-N-acetylglucosamine.  Lastly, the peptide chains are 

cross-linked by a transpeptidase, creating the matured peptidoglycan layer 

(Figure 1.6). -Lactam antibiotics target very late stage bacterial cell wall 

biosynthesis by inhibiting the transpeptidases (also known as penicillin-binding 

proteins) responsible for peptide cross-linking. 
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Figure 1.6 | Chemical structure of glycosyl and peptidyl crosslinks present 
in the peptidoglycan layer. Indicated in blue and red are the glycosyl and 
peptidyl linkages respectively. PG = peptidoglycan. 
    

 Bacteria continually remodel their peptidoglycan cell walls, simultaneously 

building and breaking down portions of the cell wall as they grow and divide. -

Lactam antibiotics inhibit the formation of peptidoglycan cross-links in the 

bacterial cell wall by covalently linking the reactive, strained -lactam ring of the 

antibiotic to the transpeptidase (Scheme 1.3). As a result, the transpeptidase 

cannot catalyze formation of cross-links, and an imbalance between cell wall 

synthesis and degradation ensues, causing the cell to rapidly lyse and die. More 

specifically, the enzymes that hydrolyze the peptidoglycan cross-links continue to 

function, even while those that form such cross-links do not. This weakens the 
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cell wall of the bacterium, and osmotic pressure continues to rise until cytolysis, 

or cell death, occurs. 

 

 

Scheme 1.3 | Inhibition of peptidoglycan cross-linking by -lactam 
antibiotics. (a) Enzyme catalyzed transpeptidation vital to bacterial cell well 
biosynthesis. (b) Penicillin bacterial cell-wall biosynthesis inhibition via 
irreversible covalent binding to the transpeptidase. 
 

1.2.2 Penicillins 
 
   The penicillins are the oldest of the clinical antibiotics that are still widely 

used. The first of many types of penicillin to be produced on a large scale was 

penicillin G (benzypenicillin). Penicillins contain a fused -lactam-thiazolidine 

structure, originating from a tripeptide composed of L-aminoadipic acid, L-

cysteine and L-valine. NRPS assembly produces the tripeptide commonly 

referred to as ACV (9) during the condensation, the valine residue is epimerized 

to the D-form.19-21 

 ACV is then cyclized to isopenicillin N (10), by a single enzyme 

isopenicillin N synthase,22 catalyzing formation of the bicyclic ring system, which 

is the hallmark of the penicillin class of antibiotics. This chemical transformation 

a 
 
 
 
 
 

b 
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is oxidative, requires molecular oxygen and is outlined simply in Figure 1.7 below. 

The first of many penicillins to be employed on a significant scale was penicillin G 

(11) obtained from the fungus of Penicillium chrysogenum by fermentation in a 

medium containing corn-steep liquor. Penicillin G (11) differs from isopenicillin N 

(10) by the nature of the sidechain attached at to the 6-amino group. The -

aminoadipyl sidechain of 10 is removed to form 6-aminopenicillanic acid (6-APA, 

12) and replaced by another sidechain according to its availability from the 

fermentation medium. Phenylethylamine in the corn steep liquor medium is 

transformed by the fungus into phenylacetic acid, which then reacts as its 

coenzyme A ester to produce the new amide present in 11. 
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Figure 1.7 | Biosynthesis of penicillins. Penicillin is assembled as an ACV 
tripeptide (9) by the ACV synthetase. This tripeptide is than oxidatively modified 

to form the fused -lactam-thiazolidine structure found in isopenicillin N (10), 
which may go on to form either penicillin G (11) or 6-APA (12). Enzymes involved 
in the biosynthetic pathway of penicillin are highlighted in blue. 
 
 

CO2H

H
NH2N

O

SH

O
N

CO2H9A1 A2 A3

PCP1 PCP2 PCP3C3C2

TE

E3

S S

O

S

O

NH2

O

TE

CO2H

H2N

SH

H2N

ACV Synthestase

O2

Enx-Fe

O
N

S Fe Enz
H
N

O
OH

O
N

S Fe

O

Enz
H
N

N
O

H
N S

CO2H

Fe

O

Enz

N
O

H
N S

CO2H

Fe Enz

OH

N

S

O

H
N

O

H2N

CO2H

CO2H10

N

S

O

H
N

O

CO2H11

isopenicillin N synthase

N

S

O

H2N

CO2H

a-aminoadipic acid

isopenicillin N amidohydrolase

6-aminopenicillanic acid 
acyltransferase

PhCH2C
OSCoA

12

PhCH2COSCoA

a-aminoadipic acid

isopenicillin N N-acyltransferase

PCP3

CO2H

H

H

H

CO2H

PhCH2

CO2H

H
H

H



 17 

1.2.3 Clavams 

Although -lactams antibiotics have revolutionized the fight against 

infectious disease, resistance to these agents is a serious and growing problem 

in contemporary medicine and has emerged as one of the pre-eminent public 

health concerns of the 21st century. President Barack Obama in July of 2012 

signed into law the Food and Drug Administration Safety and Innovation Act and 

with it the Generating Antibiotics Incentives Now (GAIN) Act. This act includes 

provisions to incentivize research and development of antibiotics. A major cause 

of -lactam resistance is the presence of -lactamases – enzymes that hydrolyze 

-lactam rings. These enzymes destroy the -lactam antibiotic using an active 

site serine nucleophile similar to the one that is found in transpeptidases, but 

differ in the fact that the -lactamase is not irreversibly bound or is hydrolyzed by 

a non-covalent intermediate utilizing a metal cofactor.23  

In the mid 1970s, British scientists working at the drug company Beecham 

isolated clavulanic acid (4) from Streptomyces clavuligerus.24 Clavulanic acid 

was discovered to be -lactamase inhibitor and has been used to overcome 

resistance in bacteria that secrete -lactamases, which otherwise inactivate most 

penicillins (Scheme 1.4). 

 

Scheme 1.4 | Inactivation of -lactamase with clavulanic acid. Clavulanic 

acid inactivates -lactamase activity by irreversibly binding to the active site 

serine used to hydrolyze -lactam antibiotics. 
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 The biosynthesis of the -lactam ring found in the clavam family, such as 

clavulanic acid (4), differs from the oxidative path used to construct the penicillins. 

The -lactam core of clavulanic acid is formed by -lactam synthetase (-LS). 

Through an ATP/Mg2+ dependent mechanism, -LS activates the carboxylic acid 

in N2-(2-carboxyethyl)-L-arginine (CEA, 13) utilizing ATP to generate  an acyl-

adenylate  followed by intramolecular -lactam ring closure to produce 

deoxyguanidinoproclavaminic acid (DGPC, 14).25-27 The non-heme iron 

oxygenase clavaminate synthase (CS) catalyzes three distinct oxidative 

reactions in the course of clavulanic acid biosynthesis.28 These α-ketogluterate 

(α-KG) dependent steps include hydroxylation, oxidative cyclization and 

desaturation of the C2 side chain to form clavaminic acid (CMA,15), which is 

inverted or enantiomerized by an unknown to clavulanate-9-aldehyde (16) and 

reduced by clavulanic acid dehydrogenase (CAD) to form clavulanic acid (4).24 

The biosynthesis of clavulanic acid (4) is summarized in Scheme 1.5 below. 

 

Scheme 1.5 | Biosynthesis of clavulanic acid.  
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1.2.4 Carbapenems 
 

Like penicillin, the carbapenem class of -lactam antibiotics exhibit a 

broad-spectrum of activity and potentcy against both Gram-positive and Gram-

negative bacteria including Staphylococcus aureus, Staphylococcus epidermidis, 

Neisseria spp. and Clostridium spp. Unlike penicillin however, carbapenems are 

resistant to inactivation by -lactamases. The core structure of carbapenems 

consists of the four-membered -lactam ring fused to a five-membered ring 

containing only carbon atoms. Chemical modification of naturally-occurring 

carbapenems, including olivanic acids from Streptomyces olivaceus and 

thienamycin (6) from Streptomyces cattelya, has led to the development of 

successful drugs such as Imipenem® and Meropenem® that are used to treat 

hospital acquired infections.29 Unfortunately commercial fermentation of 

carbapenems is limited by low yields and chemical instability. 

 Compared to the penicillins, the biosynthesis of the carbapenems is less 

well understood. The first carbapenem pathway that was extensively studied was 

that of (5R)-carbapen-2-em-3-carboxylic acid (5), the simplest structurally of the 

family. Although this compound itself is not clinically useful, it shares the same 

core structure as thienamycin (6). Five proteins, encoded by the carA-E genes 

are involved in the biosynthesis of 5, and three of these, encoded by carA-C, 

CarA, CarB, and CarC, respectively, are essential.30,31 CarB generates (2S,5S)-

5-carboxymethylproline (17) from glutamate γ-semialdehyde/pyrroline 5-

carboxylate and malonyl-CoA (Scheme 1.6). Formation of the -lactam ring is 

catalyzed by CarA with ATP/Mg2+ in a -LS-like reaction from the CarB product to 
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form (3S, 5S)-3-carbapenam-3-carboxyic acid (18).32 -Lactam ring formation is 

followed by epimerization and desaturation by mediated CarC to produce 

(3S,5R)-carbapenam-3-carboxylic acid (19), a likely intermediate or shunt 

product, and 5 (Scheme 1.6). Interestingly, CarC is a weak homolog to CS, while 

CarA is homologous to -LS in the clavulanic acid biosynthetic pathway. 

 

 
Scheme 1.6 | Biosynthesis of (5R)-carbapen-2-em-3-carboxylic acid.  

 

1.2.4 Monobactams 
 

 Even less well studied than the carbapenem class of -lactam antibiotics, 

are the monobactams. Monobactams are -lactam compounds where the 

azetidinone is not fused to another ring. Unlike the penicillins, clavams and 

carbapenems, monobactams are typically only effective against Gram-negative 

bacteria. Currently, the only commercial monobactam antibiotic is the 

synthetically derived Aztreonam®. Other examples of monobactams include 

tigemonam,33 tabotoxin,34 sulfacezin and nocardicin A35 (Figure 1.8). 
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 Nocardicin A (7), isolated from fermentation of Nocardia uniformis ssp. 

tsuyamanensis, is a monocyclic -lactam natural product that confers both 

activity against Gram-negative bacteria and -lactamase resistance.35 In addition 

to nocardicin A, several naturally occurring nocardicins have been isolated, which 

differ in amine oxidation and the presence or absence of an ether-linked 

homoseryl side-chain (Figure 1.9). Of particular importance, the simplest of the 

seven known nocardicins is the precursor metabolite nocardicin G (20), a 

tripeptidyl monobactam containing D,L,D stereochemistry (Figure 1.9).36,37  

 

Figure 1.8 | Representative examples of monobactam antibiotics. 

 
 Double-label experiments with nocardicin G (20) demonstrated intact 

incorporation of this precursor into nocardicin A when supplemented growing 

Nocardia uniformis cultures.38 This finding suggests that nocardicin G (20) is a 

true intermediate, as opposed to a degradation product, in the path to nocardicin 

A (7). Enzymes involved in the early construction of nocardicin A must first 
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converge on the synthesis of nocardicin G (20). Whole-cell incorporation 

experiments demonstrated that the -lactam ring of nocardicin A (7) is derived 

from L-serine, and that no change in oxidation state occurs at the seryl -carbon. 

It was further demonstrated that stereochemical inversion is observed at this 

center.39-42 The simplest interpretation of these data, assuming the intermediacy 

of a peptide precursor, is intramolecular nucleophilic displacement of an 

activated seryl-hydroxyl in an amide-containing precursor, or SNi mechanism. An 

attractive possibility for serine activation, although not the only one, is in vivo 

phosphorylation. This is particularly attractive given the ubiquitous utilization of 

ATP by NRPS systems. It was shown that SNi reaction can be mimicked in vitro 

by reaction of a protected serine-containing dipeptide under Mitsunobu 

conditions where the -lactam product is formed rapidly at room temperature.43 
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Figure 1.9 | Seven naturally occurring nocardicins Isolated from Nocardia 
uniformis cultures. 

 

By comparison, the bicyclic -lactam isopenicillin N, a precursor to 

penicillin N, is assembled as a δ-(L-α-aminoadipoyl)-L-cysteinyl-D-valine (ACV) 

tripeptide by the NRPS ACV synthetase and separately oxidatively modified to 

form both the -lactam and thiazolidine.22,44 It was previously predicted, therefore, 

that in a similar fashion to the biosynthesis of isopenicillin N (1), nocardicin G 

may be constructed as a linear tripeptide by the NocNRPS and then modified 

after NRPS disconnection, through seryl activation and SNi displacement, forming 

the -lactam core.40,42 
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In 2004, the nocardicin biosynthetic gene cluster was identified (Figure 

1.10).45 Since then, the roles of most enzymes encoded by the genes have been 

successfully identified through a variety of in vitro, in vivo, and bioinformatic 

techniques. The biosynthesis of the non-proteinogenic amino acid building block 

L-p-hydroxyphenylglycine (L-pHPG), found twice in the core of the nocardicin 

antibiotics, is encoded by the genes nocH, nocG and nocN.45,46 The enzymes 

NocL, NocJ and Nat account for late stage modifications including the 

installationof the homoseryl side chain, subsequent L to D epimerization, and 

oxime formation.47-49 Enzymes encoded by nocK, nocD, nocE and nocO have 

been shown to be non- essential to the biosynthesis of nocardicin A as 

demonstrated by a series of gene disruption experiments and clearly define the 

boundaries of the gene cluster.50,51 
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Figure 1.10 | Biosynthesis of nocardicin A. (a) Gene cluster of nocardicin A. 
Grey = non-essential, green = pHPG biosynthesis, black = regulatory, resistance 
or transport enzymes, red = late stage conversion of nocardicin G (20) to 
nocardicin A (7), blue = NRPS. (b) Module and domain architecture of the 
NRPSs encoded by nocA and nocB with predicted peptide products 21a/b and 
22a/b shown. (c) Schematic of the overall biosynthesis of nocardicin A. 

 

Although the majority of the enzymes encoded by the nocardicin cluster 

have been studied, those specifically involved in the early stages of peptide 

assembly have only recently been examined. Strikingly present in the gene 

cluster is a pair NRPSs, NocA and NocB, which together accommodate five 
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modules that are reasonably assumed to be responsible for the construction of 

the pHPG-Ser-pHPG tripeptide backbone of the nocardicins (Figure 1.10b). 

Despite the tripeptide architecture of nocardicin A (7), however, all five modules 

contained in NocA and NocB are seemingly essential.52 This unexpected 

outcome was demonstrated by a series of mutational experiments in which 

antibiotic production was lost upon replacement of the phosphopantetheinyl 

attachment site of the PCP domain of each individual module with alanine.53 The 

possibility of non-active modules or module skipping was eliminated upon 

demonstration that fully functional adenylation domains (A1 – A5) are necessary 

for nocardicin production.52 Small auxiliary enzymes, belonging to the MbtH 

superfamily54, have been shown to be essential to the activation of some, but not 

all, A domains.55-57 ATP/PPi exchange assays demonstrated that in the 

stoichiometric presence of NocI, a member of the MbtH family, A1, A2 and A4 

became active, while A3 and A5 are equally active in its absence. This key 

discovery enabled the determination of the predicted linear peptide assembly to 

be L-pHPG-L-Arg-D-pHPG-L-Ser-L-pHPG (Figure 1.7). Although all of the -

amino acids activated by the respective A domains are L-amino acids, the 

internal pHPG of the pentapeptide was projected to be epimerized to its D-form 

based on the presence of an E domain in module 3. 

 Despite this recent progress towards unraveling the roles of NocA and 

NocB, several unresolved key questions can now be posed. First, while a 

pentapeptide is predicted, nocardicins A-G contain only three amino acids and it 

is not obvious why an additional two N-terminal amino acids are necessary. As 
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such, the identity of the NocNRPS product is unclear. Second, with the puzzling 

identification of L-pHPG and L-Arg as the amino acids specifically activated by 

module 1 and 2, respectively, of NocA, it would seem likely that the initial two 

amino acid residues of a presumed pentapeptide would be cleaved during the 

biosynthesis of the antibiotic, while the C-terminal tripeptide is utilized by way of 

-lactam formation and C-terminal epimerization to form nocardicin G (20). 

Although only recently identified, new mechanisms for the cleavage and 

activation of NRPS derived peptide pro-drugs by membrane-bound peptidases 

have been found.58 Third, despite the presence of an E domain in module 3, a 

canonical E domain is not embedded in module 5 from which the C-terminal D-

pHPG must arise. Lastly, although the boundaries of the nocardicin A gene 

cluster have been defined, and all of the enzymes translated within its 

boundaries have been characterized, the mechanism for -lactam formation and 

the enzymes responsible for cyclodehydration catalysis has been the subject of 

much debate and remains shrouded with mystery. 

 This thesis sets out to explore the three major questions outlined above 

through complementary biochemical, kinetic and structural studies. The following 

chapters establish the mechanisms of C-terminal pHPG epimerization, determine 

the peptide product released from the NocNRPSs and reveal the enzymes 

responsible for -lactam ring formation. 
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Chapter 2 

Stereocontrolled Syntheses of Peptide Thioesters Containing 
Modified Seryl Residues as Probes of Antibiotic Biosynthesis 

 

2.1 Introduction 
 
 The pivotal discoveries that NocI, a member of the MbtH superfamily, is 

necessary for the activation of modules in both NocA and NocB of the nocardicin 

A synthetase along with the identification of the amino acids specifically activated 

by each module brought into sharp focus for the first time the central unanswered 

questions posed by the early-stage NRPS catalyzed steps in the biosynthesis of 

the nocardicins. A series of potential thioester substrates was envisioned as 

suitable probes of NRPS function, or more specifically, for studies with the 

excised TE domain. Methods were developed to synthesize tri- and pentapeptide 

thioesters containing one or more p-(hydroxyphenyl)glycine (pHPG) residues and 

L-serine, some where the latter is O-phosphorylated, O-acetylated or exists as a 

-lactam. Selection of orthogonal protection strategies and development of 

conditions to achieve seryl O-phosphorylation without -elimination and to 

maintain stereochemical control, especially simultaneously at exceptionally base-

labile pHPG β-carbons, are described in this chapter. Intramolecular closure of a 

seryl residue to a -lactam-containing peptide and the syntheses of 

corresponding thioester analogues are also reported. Modification of classical 

Mitsunobu conditions are described in the synthesis of the -lactam-containing 

products and, in a broadly useful observation, it was found that simple exclusion 

of light from the P(OEt)3-mediated Mitsunobu ring closure, afforded yields of > 
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95%, presumably owing to reduced photodegradation of the azodicarboxylate 

used. These sensitive candidate substrates and products will be used in 

mechanistic studies of the two non-ribosomal peptide synthetases NocA and 

NocB that lie at the heart of nocardicin biosynthesis.  

 The syntheses of the molecules described in this chapter were designed 

to answer central questions about nocardicin A (1) biosynthesis such as the 

identity and peptide length (3 or 5 amino acid assembly) of the NRPS product 

and the stereochemical configuration of the C-terminal pHPG released from the 

megasynthatase.  

To achieve these goals several synthetic challenges intrinsic to peptide 

substrates rich in pHPG residues and serine had to be addressed. The first was 

establishing suitable chemical conditions that prevented racemization or 

epimerization of the unusually base-sensitive benzylic -center of pHPG during 

peptide elongation. A second and related challenge entailed the selection of 

suitable orthogonal protecting groups that conformed with limitations that both 

excluded alkaline deblocking protocols and resulted in penultimate N-terminally 

protected peptides labile to acid deprotection after final thiol coupling. Third, the 

seryl hyrdroxymethylene was to be both activated to behave as a potential 

electrophile and incorporated into a -lactam ring without trivial elimination to 

dehydroalanine. The fourth hurdle was separation and purification of 

diastereomers that were unavoidably generated during thioester formation.  
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2.2 Results and Discussion 

2.2.1 Synthesis of potential tri- and pentapeptides in nocardicin 
biosynthesis 
 

The first synthetic targets to probe the nocardicin A NRPS system 

NocA/NocB, were linear thioester substrates of either 3 or 5 amino acids in 

length and containing an L- or D- C-terminal pHPG unit. The modular 

organization of NocA/B and hypothetical stepwise assembly of the predicted 

L,L,D,L,L-pentapeptide 5 is illustrated in Figure 2.1 below. The stereochemistry is 

predicted based on the known amino acids activated in each domain1 and the 

presence or absence of epimerization domains. In particular, module 3 contains 

an epimerase domain (E3), presumably accounting for the N-terminal D-

configuration of nocardicin G (2), while module 5 does not.  

 
Figure 2.1 | Hypothetical biosynthesis of nocardicin A.NocA and NocB 
together contain five modules which are predicted to produce the pentapeptide L-

pHPG-L-Arg-D-pHPG-L-Ser-L-pHPG (5) which then may go on to form the first -
lactam containing intermediate nocardicin G (2) and ultimately nocardicin A (1). 
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 Of the three chemical events that must occur between the assembly of 

pentapeptide 5 and the synthesis of nocardicin G (2), -lactam formation and C-

terminal epimerization can only take place after the final pHPG addition in 

module 5. Truncation of the pentapeptide to the tripeptide core present in 

nocardicin G (D-pHPG-L-Ser-L-pHPG ultimately arising from modules 3-5) can 

logically occur before or after either or both of the other two reactions. The first 

synthetic task, therefore, was the preparation of two sets of peptide scaffolds 

varying in C-terminal stereochemistry:  protected tripeptides 10a and 10b (D-

pHPG-L-Ser-L/D-pHPG) and protected pentapeptides 16a and 16b (L-pHPG-L-

Arg-D-pHPG-L-Ser-L/D-pHPG, each of which could then be converted to the 

corresponding pantetheinyl thioester, appropriately primed for future enzymatic 

analysis.  

 At the outset it was anticipated that stereochemical control of the benzylic 

-positions of pHPG units would be problematic based on earlier experience with 

partial and total syntheses of the nocardicins and vancomycin.2-4 The pKa of the 

-hydrogen of a pHPG oxyester is estimated to be ~23 compared to 26–28 for 

alanine or serine.5 Thioesters, however, are of particular interest in the present 

study and substantial depression of the pKa of the -hydrogen of a pHPG occurs 

and is calculated to be ~20 for pHPG and 25–26 for alanine or serine. By 

extension, reductions in pKa can also be anticipated in active esters generated 

transiently during peptide coupling and thioester synthesis. As a consequence, 

orthogonal amino acid protections relied on blocking groups that could be 

removed by exposure to acid or by hydrogenolysis. Survey of available peptide 
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coupling reagents demonstrated that benzotriazol-1-yl-oxytripyrrolidino-

phosphonium hexafluorophosphate (PyBOP) with the hindered base N,N-

diisoproylethylamine (DIEA) was a suitable reagent combination in even the most 

polar of solvents including DMF, acetonitrile (ACN), and DCM, and took place 

without detectible epimerization in good yields. For the envisioned tri- and 

pentapeptides, the -hydrogen of the pHPG units, whether L- or D-configured, 

was always adjacent to either, or both, L-serine and L-arginine and appeared as 

a simple doublet in d6-DMSO owing to vicinal coupling to the adjacent amide N-H. 

The chemical shift of this hydrogen in the D-configuration was reliably diagnostic 

appearing upfield compared to the L-diastereomer.  

 

 
Scheme 2.1 | Synthesis of linear tripeptide thioesters. Reaction Conditions: 
a) Boc-L-Ser, PyBOP, DIEA, DMF, 76% b) 1. TFA 2. 9, PyBOP, DIEA, DMF, 
72% c) 1. Pd-OH/C, H2(g) 50 psi, THF 2. 11, PyBOP, K2CO3, DMF 3. TFA, 39% 
over 3 steps. 
 

 

The synthesis of the protected tripeptides 10a and 10b proceeded from 

the C- to N-terminus in conventional fashion using N-Boc and benzyl protecting 

groups as illustrated in Scheme 2.1. The p-toluene sulfonate salt of the bis-
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benzyl L- or D-pHPG, 7a and 7b respectively, was coupled with Boc-L-serine 

then N-deprotected by brief TFA treatment and coupled again to Boc-D-(p-

benzyloxyphenyl)glycine 9 to give the diastereomeric protected tripeptides 10a or 

10b.  

The protected pentapeptides 16a and 16b were synthesized in a 

convergent approach by combining L,L-dipeptide 15 with the diastereomeric 

tripeptides 10a and 10b after selective removal of blocking groups (Scheme 2.2). 

To use the commercially available N-α-Fmoc-NG-(2,2,4,6,7-pentamethyl-

dihydrobenzofuran-5-sulfonyl)-L-arginine (Fmoc-L-Arg(Pbf)-OH), it would be 

necessary to avoid the alkaline Fmoc deprotection in the presence of any pHPG 

groups or thioesters. Accordingly, Fmoc-L-Arg(Pbf)-OH was benzylated to 13, 

converted to its corresponding free base by treatment with 20% piperidine in THF 

and coupled to Boc-L-pHPG to afford the differentially protected L,L-dipeptide 15. 

Compound 10a or 10b was N-deblocked with TFA and joined with 15, after 

hydrogenolysis, to give the protected L,L,D,L,L/D-pentapeptides 16a or 16b, 

respectively, with complete retention of all five stereocenters. 
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Scheme 2.2 | Synthesis of pentapeptide thioesters. Reaction Conditions: d) 
Bn-Br, THF, DIPEA 40% e) 1. 20% piperidine/THF 2. 13, PyBOP, DIPEA, DCM 
43% over 2 steps f) 1. Pd-OH/C, H2(g) 50 psi, THF 2. TFA, 10a or 10b 3. PyBOP, 
DIPEA, DCM 42% over 3 steps g) 1. Pd-OH/C H2(g) 50psi, THF 2. 11, PyBOP, 
K2CO3 3. TFA 35% over 3 steps. 
 
 

The benzyl protecting groups were removed from 16a and 16b by catalytic 

hydrogenation and the resulting N-Boc/Arg-Pbf pentapeptides were coupled to 

pantetheine dimethyl ketal 116 to give the corresponding protected thioesters. A 

mild aqueous workup was employed to wash away by-products and the desired 

Boc/Pbf-protected peptide thioester was extracted into organic solvent, 

concentrated in vacuo and re-dissolved in TFA. The final products 17a and 17b 

were purified by HPLC and lyophilized to dryness as their corresponding TFA 

salts. The pantetheine thioesters 12a and 12b (Scheme 1) were prepared 

analogously. While these tripeptide thioesters could be separated by HPLC, the 

pentapeptides 17a and 17b co-elute. 

The generation of a mixture of diastereomers at the relatively acidic C-

terminal pHPG -center proved unavoidable in the syntheses of pantetheinyl and 
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N-acetylcysteaminyl (not shown) peptide thioesters. The peptide thioesters 12a 

and 12b could be individually purified by HPLC as noted above. When placed in 

50 mM phosphate buffer, pH 7.5, the half-life of spontaneous epimerization at 

this -center was estimated by HPLC analysis to be ~3 h.  

2.2.2 Synthesis of potential O-phosphoryl and O-acetyl substrates 

The -lactam ring of nocardicin A is derived from L-serine in a process 

where no change in oxidation state occurs at the seryl -carbon and clean 

stereochemical inversion is observed.7-9 The simplest interpretation of these 

experimental observations, presuming the intermediacy of a peptide precursor, is 

intramolecular nucleophilic substitution (SNi) of an activated seryl-hydroxyl in an 

amide-containing precursor, possibly through O-phosphorylation or activation by 

some other means. Chemical support for this hypothesis came when 

phosphorylation of serine was mimicked in vitro by reaction of a protected serine-

containing dipeptide under Mitsunobu conditions, generating the -lactam rapidly 

at room temperature.2,10 O-Phosphorylation is a particularly attractive route of 

seryl activation owing to the ubiquitous utilization of ATP in NRPS systems and 

the metabolic intermediacy of O-phosphoserine.  

In considering the construction of O-phosphoryl tripeptides 18a and 18b 

(Scheme 2.3), one immediate concern was ready elimination under even weakly 

alkaline conditions to form an undesired dehydroalanine residue. To avoid this 

outcome, installation of a protected O-phosphoryl group was achieved through 

the use of phosphoramidite chemistry using tetrazole, a weak acid, in an 

approach analogous to oligonucleotide chemical synthesis.11,12 This 
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transformation was then followed in the same pot by oxidation of the phosphite to 

the corresponding phosphate with a hindered hydroperoxide at low temperature 

to suppress potential nucleophilic displacement of the freshly generated 

protected O-phosphate and re-forming the free seryl starting material.   

 
Scheme 2.3 | Synthesis of activated tripeptide thioesters. Reaction 
Conditions: h) 1. di-tert-butyl N,N-diisopropylphosphoramidite, tetrazole, THF 2. 
tert-butyl hydroperoxide, 64% over two steps i) 1. Pd-OH/C, H2(g) 50 psi, THF 2. 
11, PyBOP, K2CO3, DMF 3. TFA, 25% over three steps j) acetic anhydride, 
pyridine 99% k) 1. 11, PyBOP, K2CO3, DMF 2. TFA, 39% over two steps. 
 

 In practice the O-phosphoryl functionality was installed in the protected 

tripeptide 10a or 10b by treatment with dibenzyl-N,N,-diisopropylphosphoramidite 

(dibenzyl-DIPA) and 4,5-dicyanoimidazole (DCI), which was then oxidized with 

tert-butyl hydroperoxide to generate the benzyl protected O-phosphate analog of 

18a or 18b. Although this reaction sequence met with great success, the final 

peptide coupling reaction to produce the desired products 19a and 19b failed 

under several conditions due to the presence of the seryl free phosphate and 

interference with coupling reagents. This failure was easily overcome by keeping 

the phosphate protected as an acid-labile di-tert-butyl-phosphate, which could be 

subsequently de-blocked after thiol condensation.  
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To this end, dibenzyl-DIPA was replaced with di-tert-butyl N,N-

diisopropylphosphoramidite (di-tert-butyl-DIPA). Although reactions conducted 

with di-tert-butyl-DIPA and 4,5-dicyanoimidazole repeatedly failed, presumably 

owing to a suboptimal pKa differential. Substitution with tetrazole proved to be 

successful. However, compared to dibenzyl-phosphoramidite, reactions with di-

tert-butyl-phosphoramidite suffered from a longer reaction time, 6 hours vs. 15 

minutes, and lower yields, 64% vs. 78%. This difference most likely owes to the 

relatively greater steric bulk of the tert-butyl analog, its greater sensitivity to 

moisture and the lower purity of the commercial reagent.       

Of practical note, purification of protected phosphoryl peptides 18a and 

18b was conducted in two stages. First, initial purification was conducted by 

silica gel chromatography in which the silica was pre-treated overnight with 5% 

triethylamine. Chromatographic isolation of di-tert-butyl-phosphoryl tripeptides 

18a and 18b without prior silica gel deactivation resulted in partial deprotection of 

the di-tert-butyl-O-phosphoryl blocking groups. This decomposition was evident 

from both the low integration of the diastereomeric O-tert-butyl groups appearing 

as singlets at ca. 1.3 ppm and 1.2 ppm in 1H-NMR spectra and a downfield 

chemical shift of the proton- and carbon-decoupled phosphorous singlet from ca. 

-10 to -6 ppm in 31P-NMR spectra acquired in d6-DMSO. Silica gel purification 

after triethylamine treatment provided the desired compounds in ~65% purity 

according to 1H-NMR spectroscopy. In a second step, crystallization of either 

diastereomer of the partially purified product from ether-hexanes provided the 

desired fully protected O-phosphorylated compounds 18a or 18b as colorless 



 46 

fine needles in > 99% purity. Each was devoid of both the diastereomeric 

impurity and the -phosphate elimination product as established by 1H-NMR 

spectroscopic analysis. Compounds 18a and 18b were then subjected to 

hydrogenolysis, coupled to pantetheine dimethyl ketal 11 with PyBOP and K2CO3 

in the usual manner, and the desired thioesters 19a and 19b were obtained after 

TFA deprotection and HPLC purification as an inseparable mixture of C-terminal 

diastereomers. 

 In addition to O-phosphorylation, O-acetylation was also envisioned as a 

possible means of seryl activation in vivo. Tripeptides 20a and 20b were 

generated simply by reacting one equivalent of acetic anhydride in pyridine with 

protected tripeptide 10a or 10b. The protected O-acetyl tripeptides 20a and 20b 

were isolated in quantitative yield with no formation of diastereomers. The 

desired thioester substrates 21a and 21b were obtained by hydrogenolysis of 

20a and 20b, respectively, followed by PyBOP coupling to pantetheine dimethyl 

ketal 11, TFA deprotection and HPLC purification of the separable diastereomers. 

2.2.3 Synthesis of potential -lactam containing thioester substrates. 
 
  The nocardicins share with penicillin N (1) central NRPSs that synthesize 

their fundamental peptide precursors. The tripeptide core of the latter, δ-(L-α-

aminoadipoyl)-L-cysteinyl-D-valine (ACV), is produced by and released from ACV 

synthetase. This L,L,D-tripeptide is doubly cyclized by isopenicillin N synthase to 

1.13,14 Hydrolysis of a three- or five-amino acid peptide is similarly expected from 

NocA/B. As noted at the outset, however, the timing of pentapeptide truncation, 

C-terminal epimerization and -lactam formation is not known. As a final set of 
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reference standards and potential substrates to examine these questions, the 

last synthetic goal was the preparation of two sets of pantetheinyl and -lactam 

containing peptides varying in C-terminal stereochemistry: epi-nocardicin G- and 

nocardicin G-pantetheine 29a and 29b in addition to L-pHPG-L-Arg-epi-

nocardicin G- and L-pHPG-L-Arg-nocardicin G-SNAC 31a and 31b. 

 The desired -lactam peptidyl thioesters epi-nocardicin G-pantetheine 29a 

and nocardicin G-pantetheine 29b were first constructed as a peptide scaffold in 

a C- to N-terminal fashion through the central intermediacy of tert-butyl 3-

aminocardicinate (epi-3-ANA 25a or 3-ANA 25b) in a manner analogous to 

published nocardicin syntheses2 (Scheme 2.4). To this end, Sheehan’s 4,5-

diphenyl-4-oxazolin-2-one (Ox) N-protecting group was used as a means of bi-

dentate ligation of the serine nitrogen, preventing competing aziridine formation 

in the downstream Mitsunobu cyclodehydration reaction.15,16 Moreover, 

dipeptides Ox-L-Ser-L-pHPG and Ox-L-Ser-D-pHPG, 23a and 23b respectively, 

were prepared from one unit of either L or D-tert-butyl-benzyloxy-pHPG (22a or 

22b) and Ox-L-Ser in a PyBOP mediated reaction, which provided the products in 

high yield with no pHPG epimerization detectable by 1H-NMR spectroscopy. 

Protected -lactam intermediates 24a and 24b were successfully generated from 

seryl-dipeptides 23a and 23b with retention of stereochemistry at the pHPG α-

center through a modification of the classical Mitsunobu reaction procedure in 

which PPh3 was replaced with P(OEt)3; a reaction explored more fully 

elsewhere.10,17 Hydrogenolysis of 24a or 24b followed by aqueous acidic 
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extraction and lyophilization afforded the desired central intermediates epi-3-

ANA•HCl 25a and 3-ANA•HCl 25b respectively as white salts. 

 
Scheme 2.4 | Synthesis of -lactam containing tripeptide thioesters. 
Reaction Conditions: l) Ox-L-Ser, PyBOP, DIEA, DMF, 64% m) DEAD, P(OEt)3, 
THF 96% n) 1. Pd-OH/C, H2(g) 50 psi, THF 2. HCl, 92% over two steps o) 1. 26, 
2,6-lutidine, isobutyl chloroformate, cat. N-methylmorpholine, acetone 2. 3-ANA 
(25a or 25b), 2,6-lutidine, DMF, 67% over two steps p) 1. TFA 2. Boc2O, DIEA, 
THF/H2O 73% over two steps q) 1. 11, PyBOP, K2CO3 2. TFA 41% over two 
steps. 
 

Of particular note, it was discovered here that excluding light from the 

modified Mitsunobu conditions allowed for reaction yields as high as 96%, an 

improvement from the previously reported 84% yield and a cleaner workup. It is 

suggested that the omission of light reduces or eliminates DEAD degradation. In 

a mechanistic study of the Mitsunobu esterification reaction, Hughes et al. 

discovered that in all solvents examined, formation of the DEAD and PPh3 

adduct occurs more rapidly than either the subsequent alcohol activation to form 

the oxyphosphonium intermediate or the ensuing SN2 displacement.18 In the 

present case where P(OEt)3 is substituted for PPh3, the formation of the adduct 

between DEAD and P(OEt)3 may progress at a comparatively slower rate leaving 
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the DEAD free to photodecompose before it is fully consumed. This factor could 

account for lower overall yields and product purity. In view of these observations, 

both reaction yields and ease of product purification for all Mitsunobu-type 

transformations may greatly benefit from the exclusion of light.   

 With the key dipeptide -lactam-containing intermediates in hand, 

syntheses of the protected epi-nocardicin G 28a and nocardicin G 28b were 

achieved through the condensation of Boc-D-pHPG 26 and epi-3-ANA 25a or 3-

ANA 25b, respectively, by way of modified Vaughan conditions for the generation 

of mixed anhydrides from isobutylchloroformate.19 Although the reactions to form 

28a or 28b involved amide bond formation of an unhindered carboxylic acid 26 

and primary amines 25a or 25b, modern coupling reagents that proceed through 

the generation of an active ester, such as PyBOP,20 COMU,21 EDC and DCC,22 

all afforded poor (<10%) to no observable yields of product under standard 

conditions. To overcome this unexpected setback, the desired protected -lactam 

products 28a and 28b were prepared through in situ generation of a mixed 

anhydride followed by the addition of 25a or 25b.23 It was found that reactions to 

produce protected epi-nocardicin G 28a and protected nocardicin G 28b from the 

condensation of 26 and either 25a or 25b required the addition of N-

methylmorpholine. Production of the mixed anhydride was monitored by the 

reliably diagnostic precipitation of protonated 2,6-lutidine. Conversely, when N-

methylmorpholine is omitted from the reaction, a salt does not form and amide 

bond formation is not observed.  By supplementation with N-methylmorpholine 
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according to the original Vaughan method, the desired products 28a and 28b 

were obtained in good yields.  

 With improved syntheses of protected nocardicin G and epi-nocardicin G 

established, the desired thioesters epi-nocardicin G-pantetheine 29a and 

nocardicin G- pantetheine 29b were synthesized from either diastereomer of the 

Boc protected nocardicin G (28a or 28b) by PyBOP coupling followed by 

pantetheine attachment. Acidic deprotection (TFA) produced the final thioesters 

as a mixture of C-terminal diastereomers in an equilibrium ratio of 1:1.1 29a: 29b. 

The diastereomers were separable by HPLC purification under acidic conditions. 

Substrates 30a and 30b were obtained similarly by substitution of SNAC for the 

pantetheine dimethyl ketal 11. 

  Bearing the planned biochemical experiments in mind, the intrinsic rate of 

epimerization at the thioester -center was determined by HPLC time-course 

analysis of purified nocardicin G-SNAC 30b in 50 mM phosphate buffer at pH 7.5 

(Figure 3). The rate of spontaneous epimerization of nocardicin G-SNAC 30b to 

epi -nocardicin G-SNAC 30a was measured to be 5.5 ± 0.2 x 10-4 sec-1 (k1 + k2) 

corresponding to a half life of ~21 min. Dynamic equilibrium of the two 

diastereomers is achieved in less than 3 hours, resulting in a 1.1: 1 nocardicin G-

SNAC: epi-nocardicin G-SNAC ratio. The slightly thermodynamically preferred 

thioester 30b contains a C-terminal D-pHPG, identical to the biologically observed 

nocardicin stereoisomer. By comparison to the pantetheinyl-tripeptides 12a and 

12b, the rate of chemical epimerization of the -lactam containing compounds is 

ca. 10x faster.  
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Figure 2.2 | Spontaneous epimerization of nocardicin G-SNAC to epi-

nocardicin G-SNAC. Top: HPLC analysis of uncatalyzed epimerization of the -
hydrogen of the C-terminal pHPG in nocardicin G-SNAC 30b in 50 mM KiPO4 
buffer at pH 7.5 as a function of time. Bottom: Extent of chemical epimerization 
was quantified and plotted as a one-phase exponential decay. The rate of 
chemical epimerization was measured to be 5.5(2) x 10-4 sec-1 (k1 + k2). 
 
 

 The -lactam-containing pentapeptides L-pHPG-L-Arg-epi-nocardicin G-

SNAC 31a and L-pHPG-L-Arg-nocardicin G-SNAC 31b were synthesized in a 

convergent approach utilized similarly above for pentapeptides 16a and 16b by 

combining the free acid of dipeptide 15 and the free base of either epi-nocardicin 
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G-SNAC 30a or nocardicin G-SNAC 30 (Scheme 5). Unlike the previous 

syntheses reported here in which an N-Boc protected peptide intermediates were 

coupled to the desired thiol as the penultimate step prior to final deprotection, the 

preparation of compounds 31a and 31b required the formation of the thioester 

before final amide bond condensation due to both the absence of a C-terminally 

protected carboxylic acid in compounds 28a and 28b and the restrictions of 

protecting group orthogonality resulting in an N-Boc protected compound. 

Pentapeptide -lactams 31a and 31b could be obtained as a mixture of C-

terminal diastereomers by condensation of dipeptide 15 and pre-installed SNAC 

thioesters 30a or 30b. TFA deprotection produced the desired products as a 

separable mixture of diastereomers, which were HPLC purified under acidic 

conditions.  

 
 

Scheme 2.5 | Synthesis of -lactam containing pentapeptide thioesters 
reaction conditions. r) 1. SNAC, PyBOP, DIEA 2. TFA 52% over two steps s) 1. 
PyBOP, K2CO3, free acid from hydrogenation of 15 2. TFA 10% over two steps 
 
 

 
 

Syntheses of tri- and pentapeptides incorporating seryl, O-phosphoseryl 

and -lactam moieties have been developed to study monocyclic -lactam 
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antibiotic biosynthesis. The O-phosphoryl modification was achieved without 

competing formation of dehydroalanyl -elimination products, and 4-membered 

ring closures of seryl residues to the -lactam could be carried out without 

accompanying epimerization in a modified Mitsunobu reaction where P(OEt)3 

replaced conventionally used PPh3. 

During this phase of the work, it was observed that protection of the 

reaction from ambient light by wrapping the reaction flask in aluminum foil raised 

the yield of the Mitsunobu ring formation to > 95% and simplified product isolation. 

We attribute the increased efficiency of this reaction to reduced 

photodecomposition of the DEAD reagent. Unexpected difficulty in peptide bond 

formation to the -lactam -amine could be overcome by resorting to classical 

mixed anhydride-mediated coupling, but only in the presence of catalytic N-

methylmorpholine. 

Through careful choice of appropriately orthogonal protecting groups, the 

absolute configuration of all -centers was preserved, notably the especially 

acidic pHPG units, to assemble the tri- and pentapeptides 10a, 10b and 16a, 16b, 

respectively, with complete stereochemical control. Conversion of the C-terminal 

pHPG residue, however, to SNAC and pantetheine thioesters gave epimerization 

at the -carbon that proved unavoidable, but for several of the final products, 

separation by HPLC was possible. Still, in aqueous buffer at room temperature, 

spontaneous epimerization occurred slowly in the peptide products, but ca. 10-

fold more rapidly in the -lactam thioesters with a half-life of ca. 20 minutes. 
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The non-proteinogenic amino acid pHPG appears often in NRPS-derived 

natural products apart from the nocardicins—notably the glycopeptides 

vancomycin, A47934, chloroeremomycin, complestatin, as well as other 

antimicrobial compounds such as ramoplanin and Streptomyces calcium-

dependent antibiotics. The tactics and reaction conditions developed here will be 

of broader use in biosynthetic investigations of not only these pHPG-containing 

natural products but also those containing phenylglycine and 3,5-

dihydroxyphenylglycine residues. Biochemical experiments to address the central 

questions of pentapeptide truncation, C-terminal epimerization and -lactam 

formation in the biosynthesis of the nocardicins will be addressed in the following 

chapters. 
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2.3 Experimental 
 

2.3.1 General Methods  

1H-NMR spectra were recorded on a Bruker Avance 400 or 600 MHz spectromer. 

Proton chemical shifts are reported in ppm (δ) relative to internal 

tetramethylsilane (TMS, δ 0.0 ppm) or with the solvent reference relative to TMS 

(D2O, δ 4.79 ppm, CDCl3, δ 7.26 ppm, DMSO-d6, 2.50 ppm). Data are reported 

as follows: chemical shift (multiplicity [singlet (s), doublet (d), triplet (t), quartet (q), 

and multiplet (m)], coupling constants [Hz], integration). 13C-NMR spectra were 

recorded on a 400 (101 MHz) spectrometer with complete proton decoupling. 

Carbon chemical shifts are reported in ppm (δ) relative to TMS with the (CD3)2SO 

(δ 39.52 ppm) or CDCl3 (δ 77.16 ppm) as the internal standard. 31P-NMR spectra 

were recorded on a 400 (162 MHz) spectrometer with complete proton and 

carbon decoupling with no internal standard. High-resolution mass spectrometry 

was performed by either fast atom bombardment (FAB/magnetic sector) or 

electrospray ionization (ESI/IT-TOF). All specific rotations were acquired at 589 

nm. All melting points were uncorrected. All purchased chemicals were used as 

received.  

 

Preparative and analytical HPLC purifications were analyzed on an Agilent 1100 

or 1200 instrument via a multi-wavelength UV-Vis detector in conjunction with a 

reverse-phase C18(2) preparatory column (250 x 21.20 mm ID). Mobile phase 

conditions included one of the following: Prep Method A (water + acetonitrile 

(ACN) +0.1% TFA): 0–5 min isocratic 13% water 87% ACN + 0.1% TFA, 5-25 
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min gradient 13% to 50% ACN + 0.1% TFA, 25-30 min 50% ACN to 13% ACN, 

30-35 min isocratic 13% water 87% ACN + 0.1% TFA. Flow rate = 6.5 mL/min. 

Prep Method B (water + ACN + 0.1% TFA): 0-25 min gradient 15-80% ACN + 

0.1% TFA, 25-30 min 80% to 15% ACN + 0.1% TFA, 30-35 min 15% ACN + 85% 

water + 0.1% TFA. Flow rate = 6.5 mL/min. 

 

Analytical HPLC purifications were analyzed with a multi-wavelength UV-Vis 

detector in conjunction with a reverse phase phenyl hexyl analytical column (250 

x 4.60 mm ID). Analytical Method A (water + ACN + 0.1% TFA):  0-5 min 

isocratic 93% water + 7% ACN +0.1% TFA, 5-22 min gradient 7% to 50% ACN + 

0.1% TFA, 22-25 min gradient 50% to 7% ACN + 0.1% TFA, 25-35 min isocratic 

93% water + 7% ACN + 0.1% TFA. Flow rate = 1.0 mL/min. Analytical Method 

B (water + ACN + 0.1% TFA): 0-20 gradient 7% to 50% ACN + 0.1% TFA, 20-25 

min gradient 50% to 7% ACN + 0.1% TFA, 25-35 min isocratic 93% water + 7% 

ACN + 0.1% TFA. Flow rate = 1.0 mL/min. 

 

2.3.1 Syntheses 

Benzyl-L-[p-(benzyloxy)phenyl]glycine Toluenesulfonate (7a). To a 500 mL 

round-bottomed flask, equipped with a magnetic stir bar, L-[p-(benzyloxy)phenyl]-

glycine4 (10.0 g, 38.9 mmol) was suspended in reagent grade benzyl alcohol 

(100 mL) and benzene (140 mL) p-toluene sulfonic acid monohydrate (8.87 g, 

46.7 mmol) warmed to reflux under Dean-Stark conditions for 12 h. The solution 

was cooled to room temperature and added directly to 500 mL of Et2O. The 
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precipitate was filtered and re-suspended in 1 L of Et2O and vigorously stirred for 

1 h to remove residual benzyl alcohol. The precipitate was filtered to afford the 

product as a white salt (19.46 g, 96%). [α]D
26 = 26.3 (c = 1.0, MeOH); 1H-NMR 

(400 MHz; DMSO-d6): δ  8.88 (s, 3H), 7.54 (d, J = 8.1 Hz, 2H), 7.47-7.23 (m, 

12H), 7.14 (d, J = 7.9 Hz, 2H), 7.08 (d, J = 8.8 Hz, 2H), 5.31 (s, 1H), 5.24, 5.19 

(ABq, JAB = 12.4 Hz, 2H), 5.15 (s, 2H), 2.29 (s, 3H). 13C-NMR (101 MHz, DMSO-

d6): δ  168.5, 159.2, 145.3, 138.0, 136.8, 135.1, 129.8, 128.5, 128.5, 128.3, 

128.2, 128.1, 128.0, 127.9, 127.7, 126.6, 125.6, 124.5, 115.3, 69.3, 67.2, 63.0, 

55.0, 20.9. HRMS (FAB) calculated for C22H22NO3
 348.15997; Found 348.15966 

[M+H]+.  

 

Benzyl-D-[p-(benzyloxy)phenyl]glycine Toluenesulfonate (7b). The title 

compound was prepared and purified analogously to compound 7a by replacing 

L-[p-(benzyloxy)phenyl]glycine with D-[p-(benzyloxy)phenyl]glycine (10.0 g, 38.9 

mmol). The product was obtained as a white salt (19.46 g, 96%). [α]D
23 = -116.3 

(c = 1.0, EtOAc). [α]D
26 = -21.3 (c = 1.0, MeOH); 1H-NMR (400 MHz; DMSO-d6): 

δ  8.88 (br s, 3H), 7.54 (d, J = 8.1 Hz, 2H), 7.47-7.23 (m, 12H), 7.14 (d, J = 7.9 

Hz, 2H), 7.08 (d, J = 8.8 Hz, 2H), 5.31 (s, 1H), 5.24, 5.19 (ABq, JAB = 12.4 Hz, 

2H), 5.15 (s, 2H), 2.29 (s, 3H). 13C-NMR (101 MHz, DMSO-d6): δ  169.0, 159.6, 

145.9, 138.3, 137.2, 135.6, 130.2, 129.0, 128.9, 128.8, 128.6, 128.5, 128.4, 

128.3, 128.2, 126.9, 126.0, 125.0, 116.0, 69.7, 67.7, 63.4, 55.4, 21.3. HRMS 

(FAB) calculated for C22H22NO3
 348.15997; Found 348.15923 [M+H]+.  
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N-tert-Butyloxycarbonyl-L-serine-L-[p-(benzyloxy)phenyl]glycine benzyl 

ester (8a). To a 250 mL round-bottomed flask equipped with a magnetic stir bar, 

Boc-L-serine (4.0 g, 19.49 mmol) and DIEA (2.52 mL, 19.49 mmol) was dissolved 

in 30 mL of freshly distilled DCM and 10 mL of reagent grade DMF and cooled to 

0 °C in an ice-bath. In a separate flask 7a (10.12 g, 19.49 mmol) was dissolved in 

30 mL of reagent grade DMF and to this suspension was added DIEA (5.03 mL, 

38.98 mmol) and cooled to 0 °C with an ice-bath. When both solutions had come 

to temperature, PyBOP (11.16 g, 21.49 mmol) was added to the flask containing 

Boc-L-Ser. After 1 min, the amine solution containing 7a was added drop-wise 

over 2 min to the activated carboxylic acid and the reaction mixture was allowed 

to stir at 0 °C to room temperature for 3 h. The solution was diluted with 200 mL 

of EtOAc and washed with sat. aq. NH4Cl (2 x 75 mL), sat. aq. NaHCO3 (2 x 75 

mL) and brine (1 x 75 mL). The organic layer was concentrated in vacuo and 

purified by silica gel chromatography with a gradient of 40: 60 EtOAc: Hex to 50: 

50 EtOAc: Hex over 3 L to obtain the product as a white foam (7.87g, 76%). 

[α]D
22 = 42.8 (c = 1.0, EtOAc); 1H-NMR (400 MHz; DMSO-d6): δ  8.55 (d, J = 6.8 

Hz, 1H), 7.46-7.21 (m, 12H), 7.00 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.4 Hz, 1H), 

5.41 (d, J = 6.8 Hz, 1H), 5.13, 5.10 (ABq, JAB = 12.8 Hz, 2H), 5.12 (s, 2H), 4.80 (t, 

J = 5.8 Hz, 1H), 4.11 (q, J = 6.2 Hz, 1H), 3.61-3.56 (m, 1H), 3.53-3.47 (m, 1H), 

1.37 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  170.4, 170.3, 158.3, 155.2, 137.0, 

136.7, 129.0, 128.4, 128.3, 128.2, 128.0, 127.8, 127.6, 127.5, 114.9, 78.2, 69.2, 

66.2, 61.9, 56.6, 55.7, 28.2. HRMS (FAB) calculated for C30H35N2O7
 535.2443; 

Found 535.24361 [M+H]+.  
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N-tert-Butyloxycarbonyl-L-serine-D-[p-(benzyloxy)phenyl]glycine benzyl 

ester (8b). The title compound was prepared and purified analogously to 

compound 8a by replacing 7a with 7b (10.0 g, 49.4 mmol). The product was 

obtained as a white foam (7.87g, 76%). [α]D
22 = -43.2 (c = 1.0, EtOAc); 1H-NMR 

(400 MHz; DMSO-d6): δ  8.57 (d, J = 7.2 Hz, 1H), 7.47-7.23 (m, 12H), 7.01 (d, J 

= 8.8 Hz, 2H), 6.68 (d, J = 8.4 Hz, 1H), 5.44 (d, J = 7.2 Hz, 1H), 5.14, 5.12 (ABq, 

JAB = 12.7 Hz, 2H), 5.12 (s, 2H), 4.87 (br t, J = 5.8 Hz, 1H), 4.18 (br q, J = 6.9 Hz, 

1H), 3.56 (t, J = 5.6 Hz, 2H), 1.40 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  

170.9, 170.8, 158.7, 155.6, 137.5, 136.2, 129.3, 128.9,128.8, 128.7, 128.4, 128.3, 

128.1, 128.0, 115.4, 78.7, 69.7, 66.7, 62.5, 56.9, 56.2, 28.6. HRMS (FAB) 

calculated for C30H35N2O7
 535.2443; Found 535.24288 [M+H]+.  

 

N-tert-Butyloxycarbonyl-D-p-(benzyloxy)phenyl]glycine (9). To a 500 mL 

Erlenmeyer flask equipped with a magnetic stir bar, D-[p-(benzyloxy)phenyl]-

glycine (10.00 g, 38.87 mmol) was dissolved in 250 mL of 0.5 M NaOH (aq.) and 

to this solution was added di-tert-butyl dicarbonate (9.33 g, 42.75 mmol) in 300 

mL of reagent grade THF. The reaction was stirred at room temperature for 12 h. 

The mixture was transferred to a 1-L separatory flask and the THF was 

partitioned from the aqueous fraction with 200 mL of Et2O and removed. The 

aqueous layer was transferred to a 1-L Erlenmeyer flask, cooled to 0 °C in an 

ice-bath and acidified to pH 2.0 with conc. HCl. The acidified aqueous mixture 

was extracted with EtOAc (3 x 100 mL), the organic extractions were pooled and 

washed with brine (1 x 75 mL) and concentrated in vacuo to afford the product as 
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a white foam (10.28 g, 74%). [α]D
25 = -93.3 (c = 1.0, MeOH). 1H-NMR (400 MHz; 

DMSO-d6): δ  7.44-7.30 (m, 8H), 6.96 (d, J = 8.8 Hz, 2H), 5.08 (s, 2H), 5.02 (d, J 

= 8.0 Hz, 1H), 1.38 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  172.6, 157.9, 

155.1, 137.1, 130.3, 128.9, 128.5, 127.8, 127.6, 114.5, 78.2, 69.2, 57.3, 28.2. 

HRMS (FAB) calculated for C20H24NO5
 358.16545; Found 358.16500 [M+H]+. 

 

N-tert-Butyloxycarbonyl-D-[p-(benzyloxy)phenyl]glycine-L-serine-L-[p-

(benzyloxy)phenyl]glycine benzyl ester (10a). To a 250 mL round-bottomed 

flask equipped with a magnetic stir bar, 8a (7.87 g, 14.72 mmol) was dissolved in 

100 mL of a 1:3 DCM: TFA solution and stirred at room temperature for 30 min. 

The solution was concentrated in vacuo and residual TFA was removed by 

azeotropic distillation with toluene (2 x 75 mL) and placed under high vacuum for 

20 min.  

In a separate 250 mL round-bottomed flask equipped with a magnetic stir 

bar, 9 (5.26 g, 14.72 mmol) and DIEA (2.56 mL, 14.72 mmol) were dissolved in 

30 mL of reagent grade DMF and cooled to 0 °C in an ice-bath. The freshly 

deprotected 8a was separately dissolved in 30 mL of reagent grade DMF, DIEA 

(5.12 mL, 29.44 mmol) was added and the solution was cooled to 0 °C in an ice-

bath. When both solutions were sufficiently cooled, PyBOP (11.16 g, 21.49 

mmol) was added to the flask containing 9. After 1 min the solution containing 8a 

was added drop-wise over 2 min to the activated carboxylic acid and the reaction 

was allowed to stir 0 °C to room temperature for 3 h. The reaction was diluted 

with 200 mL of EtOAc and washed with sat. aq. NH4Cl (2 x 75 mL), sat. aq. 
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NaHCO3 (2 x 75 mL) and brine (1 x 75 mL). The organic layer was concentrated 

in vacuo and the product was purified by silica gel chromatography with a 

gradient of 60: 40 EtOAc: Hex to 70: 30 EtOAc: Hex over 3 L to afford the 

product as a white foam (8.00g, 70%). [α]D
25 = 0.2 (c = 1.0, EtOAc); 1H-NMR 

(400 MHz; DMSO-d6): δ  8.64 (d, J = 6.4 Hz, 1H), 8.24 (d, J = 7.6 Hz, 1H), 7.44-

7.23 (m, 20H), 7.01 (d, J = 8.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 5.42 (d, J = 6.8 

Hz, 1H), 5.22 (d, J = 8.4 Hz, 1H), 5.11 (s, 4H), 5.07 (s, 2H), 4.87 (t, J = 5.3 Hz, 

1H), 4.41 (br q, J = 6.6 Hz, 1H), 3.55 (br t, J = 5.3 Hz, 2H), 1.36 (s, 9H). 13C-NMR 

(101 MHz, DMSO-d6): δ  170.4, 170.3, 169.9, 158.3, 157.7, 154.8, 154.8, 137.1, 

137.0, 135.8, 131.2, 129.1, 128.5, 128.5, 128.4, 128.3, 128.0, 128.0, 127.9, 

127.8, 127.6, 127.6, 127.5, 114.9, 114.4, 78.4, 69.2, 69.2, 66.1, 61.6, 57.1, 55.9, 

54.8, 28.2. HRMS (FAB) calculated for C45H48N3O9
 774.33906; Found 774.33708 

[M+H]+.  

 

N-tert-Butyloxycarbonyl-D-[p-(benzyloxy)phenyl]glycine-L-serine-D-[p-

(benzyloxy)phenyl]glycine benzyl ester (10b). The title compound was 

prepared and purified analogously to compound 10a by replacing 8a with 8b (7.87 

g, 14.72 mmol). The product was obtained as a white foam (8.23 g, 72%). [α]D
25 

= -62.0 (c = 1.0, EtOAc); 1H-NMR (400 MHz; DMSO-d6): δ  8.66 (d, J = 6.9 Hz, 

1H), 8.23 (d, J = 7.8 Hz, 1H), 7.46-7.23 (m, 20H), 7.01 (d, J = 8.8 Hz, 2H), 6.93 

(d, J = 8.8 Hz, 2H), 5.45 (d, J = 7.1 Hz, 1H), 5.24 (d, J = 8.1 Hz, 1H), 5.16, 5.13 

(ABq, JAB = 12.5 Hz, 2H), 5.12 (s, 2H), 5.08 (s, 2H), 4.90 (t, J = 5.2 Hz, 1H), 4.44 

(br q, J = 6.1 Hz, 1H), 3.56-3.44 (m, J = 5.2 Hz, 2H), 1.36 (s, 9H). 13C-NMR (101 
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MHz, DMSO-d6): δ  170.8, 170.4, 158.7, 158.2, 137.55, 137.5, 136.2, 131.5, 

129.4, 129.0, 128.92, 128.89, 128.83, 128.79, 128.6, 128.4, 128.32, 128.28, 

128.1, 128.0, 115.3, 114.9, 78.9, 69.69, 69.65, 66.6, 62.2, 56.3, 55.2, 28.6. 

HRMS (FAB) calculated for C45H48N3O9
 774.33906; Found 774.33786 [M+H]+.  

 

Pantetheine dimethyl ketal (11). To a 500 mL round-bottomed flask, equipped 

with a magnetic stir bar, D-pantothenic acid hemicalcium salt (5.00 g, 10.49 

mmol), p-toluenesulfonic acid monohydrate (4.79 g, 25.18 mmol) and 5.00 g of 3 

Å molecular sieves were suspended in 250 mL of reagent grade acetone. The 

flask was capped and the suspension was stirred at room temperature for 12 h. 

The thick slurry was filtered through Celite and washed with 3 x 100 mL of 

acetone and the filtrate was concentrated to a viscous oil. The oil was dissolved 

in 200 mL of EtOAc, washed with brine (2 x 100 mL) and further dried with 

Na2SO4. The EtOAc was removed in vacuo and just before the EtOAc was fully 

removed, hexane was added slowly to precipitate a solid that was dried under 

high vacuum and used in the next step without further purification. 

 To a 250 mL round-bottomed flask equipped with a magnetic stir bar, 

freshly prepared D-pantothenic dimethyl ketal (3.69 g, 14.23 mmol) was 

dissolved in 90 mL of freshly distilled THF, and treated with 1’,1’-

carbonyldiimidazole (3.46 g, 21.34 mmol) and stirred for 1 h at room temperature. 

To this solution was added cysteamine hydrochloride (2.42 g, 21.34 mmol) and 

stirred at room temperature for 12 h. The THF was concentrated in vacuo and 

100 mL of DCM was added. The organic solution was washed sat. aq. NH4Cl (1 x 
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50 mL) and brine (1 x 50 mL), dried with Na2SO4 filtered and concentrated to an 

oil. The oil was purified by silica gel flash chromatography with a mobile phase of 

70:30 EtOAc: Hex to 100% EtOAc to produce the desired product as a white 

solid (2.71 g, 81%). [α]D
23 = 33.4 (c = 1.0, MeOH). 1H-NMR (400 MHz; CDCl3): δ  

7.01 (t, J = 5.8 Hz, 1H), 6.62 (t, J = 5.1 Hz, 1H), 4.03 (s, 1H), 3.64 (d, J = 11.6 Hz, 

1H), 3.51 (qd, J = 12.3, 6.4 Hz, 2H), 3.38 (qd, J = 13.5, 6.4 Hz, 2H), 3.23 (d, J = 

11.7 Hz, 1H), 2.61 (dtd, J = 8.4, 6.6, 1.8 Hz, 2H), 2.43 (t, J = 6.2 Hz, 2H), 1.41 (s, 

3H), 1.38 (s, 3H), 1.36 (t, J = 8.5 Hz, 1H), 0.98 (s, 3H), 0.92 (s, 3H). 13C-NMR 

(101 MHz, CDCl3): δ  171.2, 170.30, 99.1, 77.2, 71.4, 42.5, 36.1, 35.0, 33.0, 29.5, 

24.5, 22.2, 18.9, 18.6. HRMS (FAB) calculated for C14H27N2O4S
 319.1692; Found 

319.16924 [M+H]+. 

 

D-[p-(Hydroxy)phenyl]glycine-L-serine-L-[p-(hydroxy)phenyl]glycyl-

pantetheine (12a). To a 250 mL pressure flask, protected tripeptide 10a (580 mg, 

0.75 mmol) was dissolved in 20 mL of reagent grade THF and to it this solution 

was added a catalytic amount of Pd-OH/C. The mixture was vigorously shaken 

under 50 psi of H2 overnight. The mixture was filtered through Celite, which was 

washed with 200 mL of THF and concentrated in vacuo to a white foam and used 

in the next step without further purification. 

To a 25 mL round-bottomed flask equipped with a magnetic stir bar, the 

freshly deprotected tripeptide (380 mg, 0.75 mmol) was dissolved in 5 mL of 

reagent grade DMF. To this solution was added K2CO3 (291 mg, 2.27 mmol) and 

PyBOP (471 mg, 0.91 mmol) followed by 11, and the reaction mixture was stirred 
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at room temperature for 1 h. The solution was diluted with 35 mL of EtOAc and 

washed with sat. aq. NH4Cl (2 x 15 mL), sat. aq. NaHCO3 (1 x 15 mL) and 

concentrated in vacuo. The residue was re-dissolved in 2.0 mL of 1: 1 ACN: H2O 

and purified according to Prep Method B as a mixture of diastereomers. The 

product was collected, frozen on dry ice and lyophilized to dryness. The 

lyophilized powder was dissolved in TFA for 10 min, concentrated in vacuo, re-

dissolved in 2 mL of 80: 20 H2O: ACN with 0.1% TFA and purified with Prep 

Method B. The product was collected, frozen on dry ice and lyophilized to 

dryness to afford the product as the white TFA salt (205 mg, 35%). Isolation of 2 

mg of diasteromerically pure material was achieved using Analytical Method A. 

1H-NMR (400 MHz; D2O): δ  7.24 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 

6.86 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 6.46 (s, 1H), 5.04 (s, 1H), 4.42 

(X of ABX, J = 6.4, 4.8 Hz, 1H), 3.86 (s, 1H), 3.74 (AB of ABX, J = 11.6, 6.4, 4.8 

Hz, 2H), 3.39 (d, J = 11.2 Hz, 1H), 3.27 (d, J = 11.2 Hz, 1H), 3.29-3.24 (m, 4H), 

2.99 (app t, J = 5.9 Hz, 2H), 2.17 (app td, J = 6.6, 1.8 Hz, 2H), 0.80 (s, 3H), 0.76 

(s, 3H).13C-NMR (101 MHz, D2O): δ  201.1, 175.0, 173.9, 171.2, 169.0, 163.2, 

162.8, 157.2, 156.4, 129.8, 129.7, 126.3, 123.5, 116.3, 116.0, 75.7, 68.4, 63.5, 

60.8, 56.0, 55.5, 38.6, 38.3, 35.3, 35.1, 28.1, 20.5, 19.1. HRMS (FAB) calculated 

for C30H42N5O10S
 664.26524; Found 664.26512 [M+H]+. 

 

D-[p-(Hydroxy)phenyl]glycine-L-serine-D-[p-(hydroxy)phenyl]glycyl-

pantetheine (12b). The title compound was prepared and purified analogously to 

compound 12a by replacing 10a with 10b (580 mg, 0.75 mmol). The product was 
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obtained as the TFA salt (229 mg, 39%). Isolation of 2 mg of diasteromerically 

pure material was achieved using Analytical Method A. 1H-NMR (400 MHz; D2O): 

δ  7.29 (d, J = 8.7 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 6.84 

(d, J = 8.7 Hz, 2H), 5.46 (s, 1H), 5.07 (s, 1H), 4.48 (t, J = 5.6 Hz, 1H), 3.87 (s, 

1H), 3.63 (d, J = 5.6 Hz, 2H), 3.40 (d, J = 11.2 Hz, 1H), 3.30-3.26 (m, 5H), 3.04-

2.97 (m, 2H), 2.19 (app td, J = 6.5, 2.1 Hz, 2H), 0.81 (s, 3H), 0.77 (s, 3H). 13C-

NMR (101 MHz, D2O): δ  201.0, 175.0, 173.9, 171.2, 169.0, 157.2, 156.4, 129.8, 

129.7, 126.3, 123.5, 123.5, 116.3, 116.0, 75.7, 68.4, 63.6, 60.8, 56.1, 55.4, 38.6, 

38.3, 35.1, 28.1, 20.5, 19.1. HRMS (FAB) calculated for C30H42N5O10S
 

664.26524; Found 664.26484 [M+H]+. 

 

N-α-Fmoc-NG-(2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl(Pbf))-L-

arginine benzyl ester (13). To a 500 mL round-bottomed flask equipped with a 

magnetic stir bar, Fmoc-L-Arg(Pbf)-OH (20.0 g, 30.83 mmol) was dissolved in 

100 mL of freshly distilled DCM. To this solution was added DIEA (6.44 mL, 

37.00 mmol), benzyl bromide (4.39 mL, 36.99 mmol) and a catalytic amount of 

DMAP (376 mg, 3.08 mmol). The reaction mixture was stirred at room 

temperature for 12 h. The solution was concentrated in vacuo and the crude 

product was directly purified by silica gel chromatography with 80: 20 DCM: 

acetone to afford the product as a white foam (4.47 g, 20%). [α]D
25 = -0.68 (c = 

1.0, EtOAc); 1H-NMR (400 MHz; DMSO-d6): δ  7.89 (d, J = 7.5 Hz, 2H), 7.85-

7.83 (m, 1H), 7.71 (d, J = 7.5 Hz, 2H), 7.43-7.40 (m, 2H), 7.35-7.30 (m, 6H), 6.69 

(br s, 1H), 6.45 (br s, 1H), 5.10 (s, 2H), 4.34-4.27 (m, 2H), 4.22 (t, J = 7.0 Hz, 1H), 
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4.08-4.04 (m, 1H), 3.36 (s, 1H), 3.06-3.02 (m, 2H), 2.91 (s, 2H), 2.50 (s, 3H), 

2.44 (s, 3H), 1.99 (s, 3H), 1.73 (br s, 1H), 1.63 (br s, 1H), 1.45 (br s, 2H), 1.38 (s, 

3H), 1.38 (s, 3H). 13C-NMR (101 MHz, DMSO-d6): δ  172.1, 157.4, 156.1, 143.8, 

143.7, 140.7, 137.3, 135.9, 131.4, 128.9, 128.4, 128.0, 127.7, 127.3, 127.1, 

125.2, 125.2, 124.3, 121.4, 120.1, 120.0, 116.3, 109.7, 86.3, 65.9, 65.7, 53.8, 

46.6, 42.5, 28.3, 19.0, 17.6, 12.3. HRMS (FAB) calculated for C41H47N4O7S
 

739.31655; Found 739.31607 [M+H]+.  

 

tert-Butyl-L-[p-(hydroxy)phenyl]glycine (14). To a 1 L Erlenmeyer flask 

equipped with a magnetic stir bar, L-[p-(hydroxy)phenyl]glycine (20.00 g, 119.57 

mmol) was dissolved in 300 mL of 1.0 M NaOH and to this solution was added 

di-tert-butyl dicarbonate (31.31 g, 143.48 mmol) in 500 mL of reagent grade THF. 

Reaction was stirred at room temperature for 12 h. The mixture was transferred 

to a 1 L separatory funnel and the THF was partitioned with 200 mL Et2O and 

removed. The aqueous layer was transferred to a 1 L Erlenmeyer flask, cooled to 

0 °C with an ice-bath and acidified to pH 2.0 with conc. HCl. The acidified 

aqueous mixture was extracted with EtOAc (3 x 100 mL), the organic extractions 

were pooled, washed with brine (1 x 75 mL) and concentrated in vacuo to a 

viscous oil. The product was crystallized as a white solid from EtOAc/Hex (24.92 

g, 78%). mp 203 °C; [α]D
24 = 131.87 (c = 1.0, MeOH). 1H-NMR (400 MHz; 

DMSO-d6): δ  9.46 (br s, 1H), 7.37 (d, J = 8.1 Hz, 1H), 7.19 (d, J = 8.6 Hz, 2H), 

6.73 (d, J = 8.6 Hz, 2H), 4.98 (d, J = 8.1 Hz, 1H), 1.39 (s, 9H). 13C-NMR (101 

MHz, DMSO-d6): δ  172.9, 157.1, 155.3, 129.1, 127.6, 115.2, 78.4, 57.2, 28.3. 

HRMS (FAB) calculated for C13H18NO5
 268.11850; Found 268.11832 [M+H]+. 
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N-tert-Butyloxycarbonyl-L-[p-(hydroxy)phenyl]glycine-L-arginine(Pbf) 

benzyl ester (15). To a 250 mL round-bottomed flask equipped with a magnetic 

stir bar, compound 13 was dissolved in 60 mL of freshly distilled THF. Reagent 

grade piperdine (6 mL) was added and the solution was stirred at room 

temperature for 30 min. The contents of the flask were concentrated in vacuo 

and excess piperdine was removed by azeotropic distillation with toluene (2 x 

100 mL) and further dried under high vacuum to afford a white solid. After 30 min, 

the solid was dissolved in 15 mL of freshly distilled DCM and cooled to 0 °C with 

an ice-bath. 

 In a separate flask 250 mL round-bottomed flask, 14 (1.94 g, 7.26 mmol) 

was dissolved in 15 mL of freshly distilled DCM and cooled to 0 °C in an ice-bath 

and DIEA (3.16 mL, 18.15 mmol) was added. When the solution was sufficiently 

cooled, PyBOP (3.78 g, 7.26 mmol) was added and the solution containing the 

free-amine corresponding to compound 13 was transferred dropwise over 3 min. 

The reaction was stirred at 0 °C to room temperature over 3 h. The solution was 

concentrated in vacuo and re-dissolved in 200 mL of EtOAc, washed with sat. aq. 

NH4Cl (2 x 30 mL), sat. aq. NaHCO3 (2 x 30 mL ) and 1 x 30 mL brine. The 

organic solution was concentrated in vacuo and the product was purified by silica 

gel chromatography using a gradient 70: 30 EtOAc: Hex to 80: 20 EtOAc: Hex 

over 2 L. The desired product was isolated as a white foam (1.99 g, 43%). [α]D
25 

= 31.8 (c = 1.0, EtOAc); 1H-NMR (400 MHz; DMSO-d6): δ  9.38 (s, 1H), 8.48 (d, J 

= 7.4 Hz, 1H), 7.37-7.23 (m, 5H), 7.19 (d, J = 8.6 Hz, 2H), 7.09 (d, J = 8.8 Hz, 
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1H), 6.69 (d, J = 8.6 Hz, 2H), 6.45 (br s, 1H), 5.14 (d, J = 8.8 Hz, 1H), 5.03-5.01 

(m, 2H), 4.31 (br q, J = 6.7 Hz, 1H), 3.05 (q, J = 6.5 Hz, 2H), 2.50 (s, 3H), 2.45 (s, 

3H), 2.01 (s, 3H), 1.78-1.66 (m, 1H), 1.65-1.55 (m, 1H), 1.43 (s, 3H), 1.40 (s, 3H), 

1.38 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  171.88, 171.1, 157.9, 157.3, 

156.5, 155.3, 137.7, 136.2, 131.9, 129.2, 128.9, 128.9, 128.5, 128.4, 128.2, 

124.8, 116.8, 115.4, 86.7, 78.8, 66.4, 57.4, 52.3, 43.0, 31.1, 28.8, 28.6, 19.5, 

18.1, 12.8. HRMS (FAB) calculated for C39H52N5O9S
 766.34858; Found 

766.34757 [M+H]+.  

 

N-tert-Butyloxycarbonyl-L-[p-(hydroxy)phenyl]glycine-L-arginine(Pbf)-D-[p-

(benzyloxy)phenyl]glycine-L-serine-L-[p-(benzyloxy)phenyl]glycine benzyl 

ester (16a). To a 250 mL round-bottomed flask equipped with a magnetic stir bar, 

compound 15 (1.15 g, 1.31 mmol) was dissolved in 30 mL of reagent grade THF. 

To this solution was added a catalytic amount of Pd-OH/C and the dipeptide was 

hydrogenated under 1 atm. of H2 for 12 h. The mixture was filtered through Celite, 

washed with THF (3 x 50 mL) and the organic filtrate was concentrated in vacuo 

and used in the next reaction without further purification. In a separate 250 mL 

round-bottomed flask equipped with a magnetic stir bar, tripeptide 10a (1.11 g, 

1.43 mmol) was dissolved in 60 mL of TFA and stirred at room temperature for 

30 min. The solution was concentrated in vacuo and the solvents were removed 

by azeotropic distillation with toluene (3 x 50 mL).  

 To a third 250 mL round-bottomed flask equipped with a magnetic stir bar, 

the freshly deprotected compound 15 was added in 30 mL of reagent grade DMF. 
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To this was added DIEA (228 μL, 1.31 mmol) and the solution was cooled to 0 °C 

in an ice-bath. The freshly deprotected peptide corresponding to compound 10a 

was dissolved in 20 mL of reagent grade DMF, DIEA (456 μL, 2.62 mmol) was 

added and the solution was cooled to 0 °C in an ice-bath. After both solutions 

were sufficiently cooled, PyBOP (747 mg, 1.43 mmol) was added to the flask 

containing freshly deprotected dipeptide 15 and after 1 min, freshly deblocked 

10a was added dropwise over 2 min. The reaction mixture was stirred from 0 °C 

to room temperature over 3 h. The reaction mixture was diluted with 150 mL of 

EtOAc and washed with sat. aq. NH4Cl (2 x 75 mL), sat. aq. NaHCO3 (2 x 75 mL) 

and brine (1 x 75 mL). The organic solution was concentrated in vacuo and the 

product was purified by silica gel chromatography with 98: 2 EtOAc: MeOH to 

afford the product as a white foam (733 mg, 42%). [α]D
25 = -20.7 (c = 1.0, MeOH). 

1H-NMR (400 MHz; DMSO-d6): δ  9.40 (s, 1H), 8.77 (d, J = 7.2 Hz, 1H), 8.45 (d, 

J = 8.0 Hz, 1H), 8.42 (d, J = 7.6 Hz, 1H), 8.16 (d, J = 8.0 Hz, 1H), 7.46-7.22 (m, 

20H), 7.18 (d, J = 8.8 Hz, 2H), 7.01 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 

6.69 (d, J = 8.4 Hz, 2H), 6.49-6.36 (br s, 2H), 5.51 (d, J = 8.0 Hz, 1H), 5.43 (d, J 

= 6.8 Hz, 1H), 5.13, 5.10 (ABq, JAB ~ 12.1 Hz, 2H), 5.12 (s, 2H), 5.11-5.09 (m, 

1H), 5.05 (s, 2H), 4.82 (t, J = 5.3 Hz, 1H), 4.43-4.37 (m, 2H),  3.54-3.47 (m, 2H), 

3.03-3.00 (m, 2H), 2.94 (s, 2H), 2.47 (s, 3H), 2.42 (s, 3H), 2.00 (s, 3H), 1.63-1.57 

(m, 1H), 1.51-1.39 (m, 3H), 1.39 (s, 6H), 1.36 (s, 9H). 13C-NMR (101 MHz, 

DMSO-d6): δ  170.6, 170.4, 170.4, 169.9, 169.7, 158.3, 157.7, 157.4, 156.8, 

156.0, 137.3, 137.1, 137.0, 135.8, 131.4, 131.1, 129.2, 129.0, 128.4, 128.42, 

128.37, 128.3, 128.1, 128.0, 128.0, 127.84, 127.81, 127.7, 127.6, 127.5, 124.3, 
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114.99, 114.88, 114.4, 86.3, 78.4, 69.2, 66.1, 61.69, 61.65, 55.8, 54.9, 45.89, 

45.85, 42.5, 28.3, 28.2, 26.0, 25.9, 19.0, 17.6, 12.3. HRMS (FAB) calculated for 

C72H83N8O15S
 1331.56986; Found 1331.57123 [M+H.  

 

N-tert-Butyloxycarbonyl-L-[p-(hydroxy)phenyl]glycine-L-arginine(Pbf)-D-[p-

(benzyloxy)phenyl]glycine-L-serine-D-[p-(benzyloxy)phenyl]glycine benzyl 

ester (16b). The title compound was prepared and purified analogously to 

compound 16a by replacing 10a with 10b (1.17 g, 1.51 mmol). The product was 

obtained as a white foam (722 mg, 36%). [α]D
23 = 7.3 (c = 1.0, MeOH). 1H-NMR 

(400 MHz; DMSO-d6): δ  9.39 (s, 1H), 8.79 (d, J = 7.4 Hz, 1H), 8.45 (d, J = 7.6 

Hz, 1H), 8.39 (d, J = 7.7 Hz, 1H), 8.18 (d, J = 7.8 Hz, 1H), 7.45-7.18 (m, 20 H), 

7.19 (d, J = 8.7 Hz, 2H),  7.00 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 6.70 

(d, J = 8.6 Hz, 2H), 6.40 (br s, 2H), 5.54 (d, J = 7.7 Hz, 1H), 5.46 (d, J = 7.2 Hz, 

1H), 5.17-5.06 (m, 7H), 4.85 (t, J = 6.6 Hz, 1H), 4.52-4.02 (m, 2H), 3.46-3.38 (m, 

2H), 3.04-2.99 (m, 2H), 2.94 (s, 2H), 2.49 (s, 3H), 2.43 (s, 3H), 2.00 (s, 3H), 1.62-

1.60 (m, 1H), 1.50-1.41 (m, 3H), 1.40 (s, 6H), 1.37 (s, 9H). 13C-NMR (101 MHz, 

DMSO-d6): δ  170.62, 170.55, 170.5, 170.4, 169.8, 169.7, 158.2, 157.8, 157.7, 

157.4, 156.8, 156.0, 137.3, 137.1, 137.0, 135.7, 131.4, 128.94, 128.91, 128.5, 

128.43, 128.36, 128.2, 127.99, 127.98, 127.9, 127.8, 127.68, 127.65, 127.6, 

127.5, 124.3, 116.3, 115.0, 114.9, 114.9, 114.8, 114.5, 114.4, 86.3, 69.21, 69.19, 

66.2, 61.8, 42.5, 30.7, 28.3, 28.2, 19.0, 17.6, 12.3. HRMS (FAB) calculated for 

C72H82N8NaO15S
 1353.55181; Found 1353.5527 [M+Na].  



 71 

L-[p-(hydroxy)phenyl]glycine-L-arginine-D-[p-(hydroxy)phenyl]glycine-L-

serine-L/D-[p-(hydroxy)phenyl]glycyl-pantetheine (17a/17b). To a 250 mL 

pressure flask, protected peptide 16a or 16b (213 mg, 0.16 mmol) was dissolved 

in 10 mL of reagent grade THF and to the solution was added a catalytic amount 

of Pd-OH/C and the flask was vigorously shaken under 50 psi of H2 for 12 h. The 

contents of the flask were filtered through Celite, washed with 100 mL of THF 

and concentrated in vacuo to a white foam, which was used without further 

purification.  

 To a 25 mL round-bottomed flask, equipped with a magnetic stir bar, the 

freshly deprotected pentapeptide was dissolved in 5 mL of reagent grade DMF. 

To this solution was added DIEA (84 μL, 0.48 mmol) and PyBOP (100 mg, 0.19 

mmol) followed by 11 (61 mg, 0.19 mmol). The reaction was stirred at room 

temperature for 1 h. The solution was diluted with 50 mL of EtOAc, washed with 

sat. aq. NH4Cl (2 x 15 mL), sat. aq. NaHCO3 (1 x 15 mL) and concentrated in 

vacuo. The residue was re-dissolved in 2.0 mL of 1: 1 ACN: H2O solution and 

purified according to Prep Method B as a mixture of diastereomers. The product 

was collected, frozen on dry ice and lyophilized to dryness. The lyophilized 

powder was dissolved in TFA for 10 min, concentrated in vacuo, re-dissolved in 2 

mL of 80: 20 H2O: ACN supplemented with 0.1% TFA and purified using Prep 

Method B. Product 17a/17b product was collected, frozen on dry ice, lyophilized 

to dryness and obtained as the white TFA salt (60.8 mg, 35%). The product was 

further purified using Analytical Method A and verified to be an inseparable 

mixture of diastereomers. 1H-NMR (17a) (400 MHz; D2O): δ  7.24 (d, J = 8.8 Hz, 
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2H), 7.21 (d, J = 8.6 Hz, 2H), 7.11 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.4 Hz, 2H), 

6.81 (d, J = 8.8 Hz, 2H), 6.76 (d, J = 8.4 Hz, 2H), 5.50 (s, 1H), 5.29 (s, 1H), 5.05 

(s, 1H), 4.44 (t, J = 5.5 Hz, 1H), 4.32-4.29 (m, 1H), 3.91 (s, 1H), 3.82-3.80 (m, 

2H), 3.44 (d, J = 11.2 Hz, 1H), 3.34-3.27 (m, 4H), 3.33 (d, J = 11.2 Hz), 3.06-2.99 

(m, 4H), 2.26-2.22 (m, 2H), 1.70-1.64 (m, 2H), 1.49-1.40 (m, 2H), 0.85 (s, 3H), 

0.81 (s, 3H). 1H-NMR (17b) (400 MHz; D2O): δ  7.30 (d, J = 8.4 Hz, 2H), 7.26 (d, 

J = 8.8 Hz, 2H), 7.16 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.7 

Hz, 2H), 6.76 (d, J = 8.6 Hz, 2H), 5.45 (s, 1H), 5.28 (s, 1H), 5.03 (s, 1H), 4.44 (t, 

J = 5.5 Hz, 1H), 4.32-4.29 (m, 1H), 3.91 (s, 1H), 3.79-3.78 (m, 2H), 3.44 (d, J = 

11.2 Hz, 1H), 3.34-3.27 (m, 4H), 3.33 (d, J = 11.2 Hz), 3.06-2.99 (m, 4H), 2.24 (J 

= 6.00, 2H), 1.70-1.64 (m, 2H), 1.49-1.40 (m, 2H), 0.85 (s, 3H), 0.81 (s, 3H). 13C-

NMR (17a/17b) (101 MHz, D2O): δ  201.0, 175.0, 173.9, 172.6, 172.1, 171.4, 

168.9, 168.8, 163.5, 163.1, 162.8, 162.4, 157.3, 156.6, 156.4, 156.3, 156.1, 

129.7, 129.7, 129.6, 129.6, 129.3, 129.2, 129.2, 127.1, 126.4, 123.2, 123.2, 

117.8, 116.3, 115.98, 115.95, 114.9, 75.8, 68.4, 63.6, 63.5, 63.4, 60.8, 57.5, 57.2, 

55.9, 55.6, 54.0, 40.5, 40.4, 38.6, 38.4, 35.3, 35.2, 28.1, 27.7, 24.3, 20.5, 19.1. 

HRMS (FAB) calculated for C44H61N10O13S
 969.41403; Found 969.41241 [M+H]+. 

 

N-tert-Butyloxycarbonyl-D-[p-(benzyloxy)phenyl]glycine-L-tert-

butylphosphoserine-L-benzyl-[p-(benzyloxy)phenyl]glycine benzyl ester 

(18a). To a 100 mL flame-dried round-bottomed flask, equipped with a magnetic 

stir bar and an argon inlet, protected tripeptide 10a (2.10 g, 2.71 mmol) was 

dissolved in 15 mL of freshly distilled THF. To this solution was added tetrazole 
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(7.22 mL, 0.45 M in ACN, 3.25 mmol) followed by di-tert-butyl N,N-

diisopropylphosphoramidite (1.03 mL, 3.25 mmol). The reaction mixture was 

allowed to stir at room temperature for 12 h. The solution was cooled to 0 °C in 

an ice-bath, tert-butyl hydroperoxide (590 μL, 5.5 M in decane, 3.25 mmol) was 

added and the reaction was stirred at 0 °C for 3 h. The solution was diluted with 

150 mL of EtOAc and washed with 1: 1 sat. aq. NaHCO3: NaS2O3 (2 x 50 mL). 

The EtOAc was concentrated in vacuo to a viscous yellow oil, which was purified 

by flash chromatography on silica gel that was pre-treated for 12 h with 1: 1 

solution of EtOAc: Hex containing 5% triethylamine. The product was eluted with 

a step gradient mobile phase of 70: 30 Hex: EtOAc to 50: 50 Hex: EtOAc to elute 

the partially purified product as a colorless oil containing phosphoramidite 

impurities. Crystallization of the oil in Et2O and Hex provided the desired product 

as a white granular solid (1.67 g, 64%). mp  84 °C; [α]D
24 = -3.2 (c = 1.0, EtOAc). 

1H-NMR (400 MHz; CDCl3): δ  7.76 (br s, 1H), 7.68 (br s, 1H), 7.43-7.21 (m, 20H), 

6.94 (d, J = 8.8, 2H), 6.93 (d, J = 8.8, 2H), 5.63 (d, J = 6.0 Hz, 1H), 5.57 (d, J = 

6.8 Hz, 1H), 5.16 (s, 1H), 5.15 (s, 1H), 5.06 (s, 2H), 5.05 (s, 2H), 4.69-4.66 (m, 

1H), 4.42 (br t, J = 8.8 Hz, 1H), 3.96 (td, J = 10.1, 3.7 Hz, 1H), 1.41 (s, 9H), 1.40 

(s, 9H), 1.37 (s, 9H). 13C-NMR (101 MHz, CDCl3): δ  171.3, 171.3, 170.2, 168.3, 

159.0, 136.9, 135.5, 129.0, 128.7, 128.60, 128.56, 128.3, 128.2, 128.0, 128.0, 

127.6, 127.6, 115.4, 115.2, 100.1, 83.8, 83.7, 83.5, 83.4, 70.1, 67.3, 65.8, 56.4, 

53.7, 53.6. 31P-NMR (162 MHz, CDCl3): δ  -8.92. HRMS (FAB) calculated for 

C53H65N3O12P
 966.43059; Found 966.42975 [M+H]+.  
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N-tert-Butyloxycarbonyl-D-[p-(benzyloxy)phenyl]glycine-L-tert-

butylphosphoserine-D-[p-(benzyloxy)phenyl]glycine benzyl ester (18b). The 

title compound was prepared and purified analogously to compound 18a by 

replacing 10a with 10b (1.41 g, 1.82 mmol). The product was obtained as a white 

foam (1.09 g, 62%). mp 83 °C; [α]D
24 = -49.7 (c = 1.0, EtOAc). 1H-NMR (400 

MHz; CDCl3): δ  7.81 (br s, 2H), 7.44-7.22 (m, 20H), 6.94 (d, J = 8.4 Hz, 2H), 

6.92 (d, J = 8.4 Hz, 2H), 5.55 (d, J = 7.1 Hz, 1H), 5.53 (br s, 1H), 5.19, 5.14 (ABq, 

JAB = 12.4 Hz, 2H) 5.05 (2 x s, 4H), 4.70-4.66 (m, 1H), 4.43 (br t, J = 10.2 Hz, 

1H), 3.92 (br dt, J = 9.2, 4.5 Hz, 1H), 1.44 (s, 9H), 1.37 (s, 18H). 13C-NMR (101 

MHz, CDCl3): δ  171.32, 171.31, 170.26, 168.3, 159.02, 158.96, 137.0, 136.9, 

135.5, 128.8, 128.7, 128.6, 128.4, 128.2, 128.14, 128.12, 128.07, 127.6, 115.4, 

115.2, 83.9, 83.8, 83.5, 70.13, 70.11, 67.3, 65.8, 56.5, 53.6, 53.6, 29.9, 29.8, 

29.8, 28.4. 31P-NMR (162 MHz, CDCl3): δ  -8.85. HRMS (FAB) calculated for 

C53H65N3O12P
 966.43059; Found 966.43025 [M+H]+.  

 

D-[p-(hydroxy)phenyl]glycine-L-phosphoserine-L/D-[p-(hydroxy)phenyl]-

glycyl-pantetheine (19a/19b). To a 250 mL pressure flask, protected peptide 

18a or 18b (77 mg, 0.10 mmol) was dissolved in 10 mL of reagent grade THF 

and to it was added a catalytic amount of Pd-OH/C and the flask was vigorously 

shaken under 50 psi of H2 for 12 h. The mixture was filtered through Celite, 

washed with 100 mL of THF, concentrated in vacuo to a white foam and used 

without further purification.  
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 To a 10 mL round-bottomed flask equipped with a magnetic stir bar, 

freshly hydrogenolyzed tripeptide corresponding to compounds 18a or 18b 

(50.35 mg, 0.10 mmol) was dissolved in 2 mL of reagent grade DMF and to this 

solution was added K2CO3 (42 mg, 0.30 mmol) and cooled to 0 °C with an ice-

bath. To this cooled solution was added PyBOP (63 mg, 0.12 mmol) and 11 (39 

mg, 0.12 mmol) and the reaction mixture was stirred for 30 min at room 

temperature. The solution was diluted with 50 mL of EtOAc and washed with sat. 

aq. NH4Cl (2 x 20 mL), sat. aq. NaHCO3 (1 x 20 mL) and brine (1 x 20 mL). The 

EtOAc extract was concentrated in vacuo to a viscous oil, which was re-dissolved 

in 2 mL 70: 30 ACN: H2O. The product was purified by Prep Method B, collected 

on dry ice and lyophilized to dryness. The freshly lyophilized product was 

dissolved in 5 mL of reagent grade TFA and stirred at room temperature for 15 

min. The TFA was removed in vacuo and the residue was re-suspended in 2 mL 

of 70:30 H2O: ACN supplemented with 0.1% TFA. The reaction mixture was 

purified by Prep Method A, collected, frozen on dry ice and lyophilized to dryness 

as a white TFA salt (23.0 mg, 25%). The product was further purified using 

Analytical Method A and verified to be an inseparable mixture of diastereomers. 

1H-NMR (19a) (400 MHz; D2O): δ  7.31 (d, J = 8.7 Hz, 2H), 7.23 (d, J = 8.6 Hz, 

2H), 6.89 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 5.45 (s, 1H), 5.08 (s, 1H), 

4.57 (t, J = 5.4 Hz, 1H), 3.97-3.89 (m, 2H), 3.41 (d, J = 11.3 Hz, 1H), 3.30-3.25 

(m, 5H), 3.05-2.98 (m, 2H), 2.18 (app td, J = 6.6, 2.6 Hz, 2H), 0.81 (s, 3H), 0.77 

(s, 3H).  1H-NMR (19b) (400 MHz; D2O): δ  7.31 (d, J = 8.7 Hz, 2H), 7.25 (d, J = 

8.5 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.9 Hz, 2H), 5.46 (s, 1H), 5.06 
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(s, 1H), 4.51 (t, J = 5.2 Hz, 1H), 4.05 (t, J = 6.1 Hz, 1H), 3.97-3.89 (m, 1H), 3.40 

(d, J = 11.3 Hz, 1H), 3.30-3.25 (m, 5H), 3.05-2.98 (m, 2H), 2.18 (app td, J = 6.6, 

2.6 Hz, 2H), 0.81 (s, 3H), 0.77 (s, 3H). 13C-NMR (19a/19b) (101 MHz, D2O): δ  

201.4, 200.9, 175.0, 173.9, 170.6, 168.9, 163.1, 162.8, 157.2, 156.4, 130.0, 

129.8, 129.7, 126.23, 126.18, 123.4, 123.3, 116.4, 116.0, 75.7, 68.4, 63.9, 63.7, 

56.1, 56.0, 54.2, 38.6, 38.4, 35.3, 35.1, 28.1, 20.5, 19.1. 31P-NMR (19a) (162 

MHz; D2O): δ  -0.04. 31P-NMR (19b) (162 MHz; D2O): δ  -0.074. HRMS (FAB) 

calculated for C30H43N5O13 PS 744.23157 Found 744.23037 [M+H]+. 

 

N-tert-Butyloxycarbonyl-L-acetylserine-L-[p-(benzyloxy)phenyl]glycine 

benzyl ester (20a). To a flame dried 250 mL round-bottomed flask equipped with 

a magnetic stir bar and an argon inlet, protected tripeptide 10a (4.00 g, 5.17 

mmol) was dissolved in 40 mL of reagent grade pyridine and to this was added 

acetic anhydride (537 μL, 5.69 mmol) and the reaction was stirred at room 

temperature for 12 h. The reaction mixture was concentrated in vacuo to a yellow 

solid, which was purified by silica gel flash chromatography utilizing an isocratic 

mobile phase 70: 30 Hex: EtOAc to afford the product as a white solid (4.18 g, 

99%). [α]D
23 = -4.4 (c = 1.0, EtOAc). 1H-NMR (400 MHz; DMSO-d6): δ  8.88 (d, J 

= 6.3 Hz, 1H), 8.48 (d, J = 8.0 Hz, 1H), 7.45-7.21 (m, 20H), 7.02 (d, J = 8.6 Hz, 

2H), 6.94 (d, J = 8.6 Hz, 2H), 5.41 (d, J = 6.4 Hz, 1H), 5.21 (d, J = 7.7 Hz, 1H), 

5.16-5.08 (2 x s + ABq, 6H), 4.70 (br q, J = 7.0 Hz, 1H), 4.09-4.04 (m, 2H), 1.78 

(s, 3H), 1.36 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  170.6, 170.2, 169.9, 

168.5, 158.4, 157.7, 154.8, 137.1, 137.0, 135.7, 130.9, 129.2, 128.5, 128.4, 
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128.4, 128.4, 128.0, 127.9, 127.8, 127.62, 127.59, 127.5, 114.9, 114.4, 78.4, 

69.2, 69.1, 66.2, 63.2, 56.9, 56.0, 51.1, 28.2, 20.3. HRMS (FAB) calculated for 

C47H50N3O10
 816.34620; Found 816.34819 [M+H]+.  

 

N-tert-Butyloxycarbonyl-L-acetylserine-D-benzyl-[p-(benzyloxy)phenyl]-

glycine (20b). The title compound was prepared and purified analogously to 

compound 20a by replacing 10a with 10b (4.00 g, 5.17 mmol). The product was 

obtained as a white solid (4.18 g, 99%). [α]D
23 = -51.3 (c = 1.0, EtOAc). 1H-NMR 

(400 MHz; DMSO-d6): δ  8.93 (d, J = 6.6 Hz, 1H), 8.47 (d, J = 8.3 Hz, 1H), 7.46-

7.23 (m, 20H), 7.01 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 5.44 (d, J = 7.1 

Hz, 1H), 5.24 (d, J = 7.9 Hz, 1H), 5.16, 5.13 (ABq, JAB = 12.7 Hz, 2H), 5.11 (s, 

2H), 5.08 (s, 2H), 4.72 (br q, J = 6.3 Hz, 1H), 4.07-3.96 (sym m, 2H), 1.73 (s, 3H), 

1.36 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  171.1, 170.7, 170.3, 168.9, 

158.8, 158.2, 137.6, 137.4, 136.2, 131.3, 129.4, 128.91, 128.89, 128.8, 128.5, 

128.3, 128.3, 128.1, 128.1, 128.0, 115.4, 114.9, 69.7, 69.6, 66.7, 56.3, 51.7, 28.6, 

20.7. HRMS (FAB) calculated for C47H50N3O10
 816.34620; Found 816.34773 

[M+H]+.  

 

D-[p-(hydroxy)phenyl]glycine-L-acetylserine-L-[p-(hydroxy)phenyl]glycyl-

pantetheine (21a). To a 250 mL pressure flask, protected peptide 20a (147 mg, 

0.18 mmol) was dissolved in 10 mL of reagent grade THF and to it was added a 

catalytic amount of Pd-OH/C and the mixture was vigorously shaken under 50 psi 

of H2 for 12 h. The contents of the flask were filtered through Celite, washed with 
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100 mL of THF and concentrated in vacuo to a white foam and used without 

further purification.  

To a 10 mL round-bottomed equipped with a magnetic stir bar, 20a (100 

mg, 0.18 mmol) was dissolved in 2 mL of reagent grade DMF and to this solution 

was added K2CO3 (76 mg, 0.55 mmol) and cooled to 0 °C in an ice-bath. To this 

cooled solution was added PyBOP (114 mg, 0.20 mmol) followed by 11 (70 mg, 

0.20 mmol) and the reaction was then stirred for 30 min at room temperature. 

The solution was diluted with 50 mL of EtOAc and washed with sat. aq. NH4Cl (2 

x 20 mL), sat. aq. NaHCO3 (1 x 20 mL) and brine (1 x 20 mL). The EtOAc was 

concentrated in vacuo to a viscous oil, which was re-dissolved in 2 mL 70: 30 

ACN: H2O. The reaction was purified by Prep Method A, collected, and frozen on 

dry ice and lyophilized to dryness. The product was dissolved in 5 mL of reagent 

grade TFA and stirred at room temperature for 15 min. The TFA was removed in 

vacuo and the residue was re-suspended in 2 mL of 70: 30 H2O: ACN 

supplemented with 0.1% TFA. The freshly deprotected product purified by Prep 

Method A, collected, frozen on dry ice and lyophilized to dryness to afford the 

product as a white TFA salt (63.0 mg, 38%). Isolation of 2 mg of diastero-

merically pure material was achieved using Analytical Method A. 1H-NMR (400 

MHz; D2O): δ  7.25 (2 x d, J = 8.2 Hz, 4H), 6.86 (2 x d, J = 8.2 Hz, 4H), 5.47 (s, 

1H), 5.04 (s, 1H), 4.26 (d, J = 5.1 Hz, 2H), 3.87 (s, 1H), 3.40 (d, J = 11.3 Hz, 1H), 

3.29-3.24 (m, 5H), 3.00 (br t, J ~ 6.1 Hz, 2H), 2.19 (br t, J ~ 6.4 Hz, 2H), 1.82 (s, 

3H), 0.80 (s, 3H), 0.77 (s, 3H).13C-NMR (101 MHz, D2O): δ  200.9, 188.6, 175.0, 

173.8, 173.3, 169.9, 168.9, 166.9, 157.2, 156.4, 155.4, 129.7, 126.1, 123.5, 
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117.8, 116.3, 116.0, 83.9, 75.7, 68.4, 63.6, 63.0, 55.9, 52.4, 38.6, 38.3, 35.3, 

35.1, 28.1, 20.5, 19.9, 19.1. HRMS (FAB) calculated for C32H44N5O11S
 

706.27580; Found 706.27413 [M+H]+.  

 

D-[p-(hydroxy)phenyl]glycine-L-acetylserine-D-[p-(hydroxy)phenyl]glycyl-

pantetheine (21b). The title compound was prepared and purified analogously to 

compound 21a by replacing 20a with 20b (146.9 mg, 0.18 mmol). The product 

was obtained as a white TFA salt (64.7 mg, 39%). Isolation of 2 mg of diastero-

merically pure material was achieved using Analytical Method A. 1H-NMR (400 

MHz; D2O): δ  7.28 (d, J = 8.7 Hz, 2H), 7.22 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.8 

Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 5.47 (s, 1H), 5.06 (s, 1H), 4.75 (X of ABX, J = 

6.4, 4.8 Hz, 1H), 4.14 (AB of ABX, J = 11.6, 6.4, 4.8 Hz, 2H), 3.87 (s, 1H), 3.40 (d, 

J = 11.3 Hz, 1H), 3.31-3.26 (m, 4H), 3.29 (d, J = 11.3 Hz, 1H), 3.08-2.97 (m, 2H), 

2.20 (td, J = 6.6, 2.1 Hz, 2H), 1.69 (s, 3H), 0.81 (s, 3H), 0.77 (s, 3H). 13C-NMR 

(101 MHz, D2O): δ  201.0, 175.0, 173.9, 173.2, 169.9, 169.0, 157.3, 156.4, 129.8, 

129.7, 126.5, 123.5, 116.3, 116.0, 75.7, 68.4, 63.6, 62.9, 56.0, 52.3, 38.6, 38.3, 

35.3, 35.1, 20.4, 19.7, 19.1. HRMS (FAB) calculated for C32H44N5O11S
 

706.27580; Found 706.27532 [M+H]+.  

 

L-[p-(Benzyloxy)phenyl]glycine tert-butyl ester Toluenesulfonate (22a). To a 

500 mL pressure bottle equipped with a magnetic stir bar, L-[p-(benzyloxy)-

phenyl]glycine4 (10.00 g, 49.4 mmol) was suspended in 100 mL of reagent-grade 

dioxane containing 10 mL of concentrated sulfuric acid and cooled to 0 °C in an 
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ice-bath. In a separate 125 mL Erlenmeyer flask, isobutylene (100 mL of liquid) 

was condensed from gas at -78 °C, and the liquid was quickly added to the 

pressure bottle and sealed. The contents of the pressure bottle were stirred at 

room temperature for 12 h. The solution was cooled to 0 °C with an ice-bath and 

the solution was quickly poured into an ice-cold mixture of 400 mL of 1.0 M 

NaOH and 500 mL Et2O. The mixture was transferred to a 1 L separatory flask, 

the organics were partitioned and set aside and the aqueous layer was washed 

with Et2O (2 x 100 mL). The organic fractions were combined, dried with brine (2 

x 100 mL) and concentrated in vacuo to approximately 150 mL. This ethereal 

solution was added to a separate flask containing p-toluene sulfonic acid 

monohydrate (9.40 g, 49.4 mmol) in 200 mL Et2O, which precipitated the product. 

The precipitate was filtered and dried under high vacuum to afford the product as 

a white salt (15.35 g, 64%). [α]D
25 = 44.4 (c = 1.0, MeOH); 1H-NMR (400 MHz; 

DMSO-d6 δ  8.68 (br s, 3H), 7.50 (d, J = 8.0 Hz, 2H), 7.45-7.34 (m, 7H), 7.13 (d, 

J = 7.0 Hz, 2H), 7.11 (d, J = 8.7 Hz, 2H), 5.15 (s, 2H), 5.07 (br q., J = 5.4 Hz, 1H), 

2.30 (s, 3H), 1.38 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  168.2, 159.5, 146.0, 

138.2, 137.2, 130.0, 128.9, 128.6, 128.4, 128.2, 128.1, 126.0, 125.5, 115.7, 

100.0, 83.6, 69.7, 55.8, 27.9, 21.3. HRMS (FAB) calculated for C19H24NO3
 

314.17562; Found 314.17537 [M+H]+.  

 

D-[p-(Benzyloxy)phenyl]glycine tert-butyl ester Toluenesulfonate (22b). The 

title compound was prepared and purified analogously to compound 22a by 

replacing L-[p-(benzyloxy)phenyl]glycine with D-[p-(benzyloxy)phenyl]glycine4 
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(10.0 g, 49.4 mmol). The product was obtained as a white salt (15.59 g, 65%). 

[α]D
25 = -45.7 (c = 1.0, MeOH); 1H-NMR (400 MHz; DMSO-d6): δ  8.68 (br s, 3H), 

7.50 (d, J = 8.0 Hz, 2H), 7.45-7.34 (m, 7H), 7.13 (d, J = 7.0 Hz, 2H), 7.11 (d, J = 

8.7 Hz, 2H), 5.15 (s, 2H), 5.07 (br q., J = 5.4 Hz, 1H), 2.30 (s, 3H), 1.38 (s, 9H). 

13C-NMR (101 MHz, DMSO-d6): δ  168.2, 159.5, 146.0, 138.2, 137.2, 130.0, 

128.9, 128.6, 128.4, 128.2, 128.1, 126.0, 125.5, 115.7, 100.0, 83.6, 69.7, 55.8, 

27.9, 21.3. HRMS (FAB) calculated for C19H24NO3
 314.17562; Found 314.17550 

[M+H]+.  

 

N-(4,6-Diphenyl-4-oxazolin-2-onyl)-L-seryl-L-[p-(benzyloxy)phenyl)glycine 

tert-butyl ester (23a).  To a flame dried 250 mL round-bottomed flask equipped 

with a magnetic stir bar, L-Ox-serine dicyclohexylammonium salt16 (7.50 g, 14.80 

mmol) and DIEA (2.57 mL, 14.80 mmol) were dissolved in 25 mL of reagent 

grade DMF and cooled to 0 °C in an ice bath. In a separate round-bottomed flask, 

22a (8.62 g, 17.76 mmol) was dissolved in 10 mL of reagent grade DMF and to it 

was added DIEA (2.57 mL, 14.80 mmol) and cooled to 0 °C. Once both solutions 

were sufficiently cooled, PyBOP (9.24 g, 17.76 mmol) was added to the flask 

containing L-Ox-serine and after 1 min the flask containing 22a was transferred 

drop wise over 2 min to the activated acid. The reaction was stirred for 3 h from 

0 °C to room temperature. The solution was diluted with 200 mL of EtOAc and 

washed with sat. aq. NH4Cl (2 x 75 mL), sat. aq. NaHCO3 (2 x 75 mL) and brine 

(1 x 75 mL). The EtOAc was concentrated in vacuo to a viscous yellow oil and 

the product was purified as a white foam by silica gel chromatography with 60: 40 

Hex: EtOAc to afford the product as a white solid (6.52 g, 71%). [α]D
25 = 39.8 (c = 
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1.0, EtOAc); 1H-NMR (400 MHz; DMSO-d6): δ  8.73 (d, J = 6.8 Hz, 1H), 7.57-

7.22 (m, 16H), 7.12 (d, J = 7.0 Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 5.28 (br s, 1H), 

5.20 (d, J = 6.8 Hz, 1H), 5.12 (s, 2H), 4.21 (dd, J = 9.0, 5.8 Hz, 1H), 4.06-3.99 (m, 

1H), 3.91 (dt, J = 11.2, 5.7 Hz, 1H), 1.35 (s, 9H).13C-NMR (101 MHz, DMSO-d6): 

δ  169.7, 166.7, 158.6, 153.8, 137.5, 133.5, 131.3, 130.8, 129.9, 129.4, 129.2, 

128.9, 128.9, 128.3, 128.14, 128.08, 127.1, 125.2, 124.1, 115.3, 81.7, 69.7, 59.4, 

58.5, 57.1, 28.0. HRMS (FAB) calculated for C37H36N2O7
 620.25225; Found 

620.25150 [M]+.  

  

N-(4,6-Diphenyl-4-oxazolin-2-onyl)-L-seryl-D-[p-(benzyloxy)phenyl)glycine 

tert-butyl ester (23b). The title compound was prepared and purified 

analogously to compound 23a by replacing 22a with 22b (8.62 g, 17.76 mmol). 

The product was obtained as a white foam (6.34 g, 69%). [α]D
23 = -50.5 (c = 1.0, 

EtOAc). 1H-NMR (400 MHz; DMSO-d6): δ  8.68 (d, J = 7.2 Hz, 1H), 7.59-7.23 (m, 

15H), 7.15 (d, J = 7.0 Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 5.43 (t, J = 5.6 Hz, 1H), 

5.22 (d, J = 7.2 Hz, 1H), 5.12 (s, 2H), 4.23 (dd, J = 8.3, 6.3 Hz, 1H), 4.05-3.99 (m, 

1H), 3.86 (dt, J = 11.3, 5.8 Hz, 1H), 1.34 (s, 9H).13C-NMR (101 MHz, DMSO-d6): 

δ  169.8, 167.1, 158.6, 153.8, 137.5, 133.5, 131.3, 130.8, 130.0, 129.2, 129.2, 

128.9, 128.9, 128.3, 128.2, 128.1, 128.1, 127.0, 125.2, 124.2, 115.3, 81.7, 69.7, 

59.3, 58.6, 57.1, 28.0. HRMS (FAB) calculated for C37H36N2O7
 620.25225; Found 

620.25214 [M]+.  
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3-N-(4,5-Diphenyl-4-oxazolin-2-onyl)epi-aminonocardicin tert-butyl ester 

(24a). To a flame dried 100 mL round-bottomed flask equipped with a magnetic 

stir bar, 23a (3.28 g, 5.28 mmol) was dissolved in 30 mL of freshly distilled THF 

and the flask was wrapped with aluminum foil to exclude light. To this solution 

was added P(OEt)3 (1.09 mL, 6.34 mmol) and DEAD (994 μL, 6.34 mmol) and 

the reaction was stirred at room temperature for 12 h. The THF was removed in 

vacuo and the residue was purified by flash chromatography with an isocratic 

mobile phase of 60: 40, EtOAc: Hex to afford the product as a white foam (2.99 g, 

94%). [α]D
22 = -99.6 (c = 1.0, EtOAc). 1H-NMR (400 MHz; DMSO-d6): δ  7.58-7.17 

(m, 17H), 7.02 (d, J = 8.7 Hz, 2H), 5.27 (s, 1H), 5.09 (s, 2H), 4.82 (dd, J = 5.5, 

2.7 Hz, 1H), 3.97 (dd, J = 5.6, 2.7 Hz, 1H), 3.50 (t, J = 5.7 Hz, 1H), 1.45 (s, 9H). 

13C-NMR (101 MHz, DMSO-d6): δ  167.2, 163.1, 158.3, 152.0, 136.9, 133.6, 

130.7, 130.4, 129.6, 128.8, 128.7, 128.4, 128.0, 127.8, 127.7, 127.2, 126.2, 

125.5, 124.0, 123.4, 114.9, 82.2, 69.2, 57.7, 56.6, 45.1, 27.5. HRMS (FAB) 

calculated for C37H34N2O6
 602.24169; Found 602.24039 [M]+.  

 

3-N-(4,5-Diphenyl-4-oxazolin-2-onyl)aminonocardicin tert-butyl ester (24b). 

The title compound was prepared and purified analogously to compound 24a by 

replacing 23a with 23b (3.28 g, 5.28 mmol). The product was obtained as a white 

solid (3.05 g, 96%). [α]D
23 = -116.3 (c = 1.0, EtOAc). 1H-NMR (400 MHz; DMSO-

d6): δ  7.59-7.14 (m, 17H), 7.05 (d, J = 8.8 Hz, 2H), 5.26 (s, 1H), 5.14 (s, 2H), 

4.84 (dd, J = 5.7, 2.8 Hz, 1H), 3.69 (t, J = 5.7 Hz, 1H), 3.40 (dd, J = 5.7, 2.8 Hz, 

1H), 1.38 (s, 9H).13C-NMR (101 MHz, DMSO-d6): δ  167.9, 163.3, 158.4, 152.1, 
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136.9, 133.7, 130.7, 130.6, 129.5, 129.3, 128.7, 128.4, 128.0, 127.9, 127.8, 

127.1, 125.4, 125.2, 124.0, 123.2, 115.0, 82.2, 69.3, 57.6, 56.1, 44.8, 27.5. 

HRMS (FAB) calculated for C37H34N2O6
 602.24169; Found 602.24038 [M]+.  

 

epi-3-Aminonocardicin tert-butyl ester Hydrochloride (25a). To a 250 mL 

pressure bottle, 24a (3.00 g, 4.98 mmol) was dissolved in 15 mL of reagent 

grade THF and to this was added a catalytic amount of Pd-OH/C. Hydrogenolysis 

was carried out over 48 h under 50 psi of H2. The mixture was filtered through 

Celite and the Pd-OH/C was washed with THF (3 x 50 mL). The filtrate was 

concentrated in vacuo to a viscous oil, which was partitioned into 30 mL Et2O, 

and 10 mL water containing conc. HCl (457 μL, 5.48 mmol). The aqueous layer 

was washed with Et2O (2 x 30 mL), flash frozen and lyophilized to dryness to 

afford the product as the white HCl salt (1.46 g, 89%). [α]D
24 = 101.9 (c = 1.0, 

MeOH). 1H-NMR (400 MHz; DMSO-d6): δ  9.76 (s, 1H), 9.04 (s, 3H), 7.14 (d, J = 

8.6 Hz, 2H), 6.81 (d, J = 8.6 Hz, 2H), 5.30 (s, 1H), 4.48 (dd, J = 5.4, 2.4 Hz, 1H), 

3.58 (dd, J = 6.3, 2.4 Hz, 1H), 3.43 (t, J = 6.2 Hz, 1H), 1.42 (s, 9H). 13C-NMR 

(101 MHz, DMSO-d6): δ  167.7, 162.1, 157.8, 129.0, 123.8, 115.7, 82.4, 57.8, 

53.3, 44.2, 27.6. HRMS (FAB) calculated for C15H21N2O4
 293.15013; Found 

293.14937 [M+H]+.  

 

Aminonocardicin tert-butyl ester Hydrochloride (25b). The title compound 

was prepared and purified analogously to compound 25a by replacing 24a with 

24b (3.00 g, 4.98 mmol). The product was obtained as a white HCl salt (1.51 g, 
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92%). [α]D
25 = -146.2 (c = 1.0, MeOH. 1H-NMR (400 MHz; DMSO-d6): δ  9.76 (br 

s, 1H), 8.93 (br s, 2H), 7.16 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 5.33 (s, 

1H), 4.56 (d, J = 3.9 Hz, 1H), 3.70 (t, J = 5.8 Hz, 1H), 3.06 (dd, J = 6.1, 2.1 Hz, 

1H), 1.40 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  168.1, 162.2, 157.9, 129.5, 

123.0, 115.7, 82.3, 57.7, 53.0, 43.8, 27.5. HRMS (FAB) calculated for 

C15H21N2O4
 293.15013; Found 293.14955 [M+H]+.  

 

N-tert-Butyloxycarbonyl-D-[p-(hydroxy)phenyl]glycine (26). To a 500 mL 

Erlenmeyer flask equipped with a magnetic stir bar, D-[p-(hydroxy)phenyl]glycine 

(20.00 g, 119.57 mmol) was dissolved in 300 mL of 1.0 M NaOH and to this was 

added di-tert-butyl dicarbonate (31.31 g, 143.48 mmol) in 500 mL of reagent 

grade THF. The reaction was stirred at room temperature for 12 h. The THF was 

partitioned with 200 mL Et2O and separated. The aqueous layer was cooled to 

0 °C in an ice-bath and acidified to pH 2.0 with conc. HCl. The acidified aqueous 

mixture was extracted with EtOAc (3 x 100 mL) and the organic extractions were 

pooled, washed with brine (1 x 75 mL) and concentrated in vacuo to a viscous oil. 

The product was crystallized from EtOAc/Hex as a white solid (29.46 g, 97%). 

mp 198 °C; [α]D
25 = -133.7 (c = 1.0, MeOH). 1H-NMR (400 MHz; DMSO-d6): δ  

7.37 (d, J = 8.1 Hz, 1H), 7.19 (d, J = 8.6 Hz, 2H), 6.73 (d, J = 8.6 Hz, 2H), 4.98 (d, 

J = 8.1 Hz, 1H), 1.39 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  172.9, 157.2, 

155.3, 129.1, 127.7, 115.2, 78.4, 57.2, 28.3. HRMS (FAB) calculated for 

C13H18NO5
 268.11850; Found 268.11831 [M+H]+.  
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Protected epi-Nocardicin G (27a). To a flame-dried 100 mL round-bottomed 

flask equipped with a magnetic stir bar and an argon inlet, compound 26 (963 mg, 

3.60 mmol) was dissolved in 10 mL of freshly distilled acetone. To this solution 

was added 2,6-lutidine (370 μL, 3.26 mmol) and a catalytic amount of N-

methylmorpholine (79 μL, 0.72 mmol). The solution was cooled to -50 °C with the 

aide of a dry ice/acetone bath. Once the solution was sufficiently cold, isobutyl 

chloroformate (427 μL, 3.26 mmol), dissolved in 2 mL of freshly distilled acetone, 

was added drop wise to the solution containing 26 over 2 min. The solution was 

stirred at -50 to -30 °C for 30 min during which time a precipitate formed. The dry 

ice/acetone bath was removed and replaced with an ice-bath and the mixture 

was stirred at 0 °C for an additional 20 min. 

To a separate 50 mL pear-shaped flask, 25a (789 mg, 2.40 mmol) was 

dissolved in 5 mL of reagent grade DMF along with 2,6-lutidene (370 μL, 3.26 

mmol) and cooled to 0 °C in an ice-bath. The solution was added drop wise over 

2 min to the mixture containing the mixed anhydride. The reaction mixture was 

stirred at 0 °C for 30 minutes, warmed to room temperature by removal of the 

ice-bath and stirred for an additional 3 h. The solution was diluted with 150 mL of 

EtOAc and washed with sat. aq. NH4Cl (2 x 40 mL), sat. aq. NaHCO3 (1 x 40 mL) 

and brine (1 x 40 mL). The dried EtOAc extract was concentrated in vacuo to a 

viscous yellow oil, which was purified by silica gel flash chromatography using an 

isocratic mobile phase 60: 40 EtOAc: Hex to afford the product as a white foam 

(832 mg, 64%). [α]D
22 = 0.80 (c = 1.0, MeOH). 1H-NMR (400 MHz; DMSO-d6): δ  

9.60 (s, 1H), 9.39 (s, 1H), 8.87 (d, J = 7.9 Hz, 1H), 7.17 (d, J = 8.6 Hz, 2H), 7.10 
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(d, J = 8.6 Hz, 2H), 6.76 (d, J = 8.6 Hz, 2H), 6.68 (d, J = 8.6 Hz, 2H), 5.25 (s, 1H), 

5.08 (d, J = 8.6 Hz, 1H), 4.81 (ddd, J = 7.8, 5.2, 2.7 Hz, 1H), 3.30 (t, J = 5.3 Hz, 

1H), 3.26 (dd, J = 4.1, 2.2), 1.39 (s, 9H), 1.37 (s, 9H). 13C-NMR (101 MHz, 

DMSO-d6): δ  171.3, 168.6, 166.3, 157.9, 157.3, 155.3, 129.5, 129.1, 128.9, 

124.6, 116.1, 115.4, 82.4, 78.8, 57.9, 55.4, 28.7, 28.0. HRMS (FAB) calculated 

for C28H36N3O8
 542.25024; Found 542.2496 [M+H]+.  

 

Protected Nocardicin G (27b). The title compound was prepared and purified 

analogously to compound 27a by replacing 25a with 25b (789 mg, 2.40 mmol). 

The product was obtained as a white foam (871 mg, 67%). [α]D
24 = -141.0 (c = 

1.0, MeOH). 1H-NMR (400 MHz; DMSO-d6): δ  9.63 (s, 1H), 9.39 (s, 1H), 8.77 (d, 

J = 8.1 Hz, 1H), 7.13 (d, J = 8.4 Hz, 4H), 6.78 (d, J = 8.6 Hz, 3H), 6.67 (d, J = 8.6 

Hz, 3H), 5.29 (s, 1H), 5.00 (d, J = 8.4 Hz, 1H), 4.88-4.85 (m, 1H), 3.67 (t, J = 5.3 

Hz, 1H), 2.88-2.87 (m, 1H), 1.40 (s, 9H), 1.36 (s, 9H). 13C-NMR (101 MHz, 

DMSO-d6): δ  171.2, 168.8, 166.6, 158.0, 157.3, 155.3, 129.8, 129.1, 128.9, 

124.3, 116.1, 115.4, 82.4, 78.8, 57.9, 55.1, 28.6, 28.0. HRMS (FAB) calculated 

for C28H36N3O8
 542.25024; Found 542.24950 [M+H]+.  

 

N-tert-Butyloxycarbonyl-epi-Nocardicin G (28a). To a 100 mL round-bottomed 

flask, equipped with a magnetic stir bar, 27a (470 mg, 0.88 mmol) was dissolved 

in 20 mL of reagent grade TFA and stirred at room temperature for 30 min. The 

TFA was evaporated under reduced pressure and residual TFA was removed by 

azeotropic distillation with toluene (2 x 50 mL) to provide an orange oil. To this oil 
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was added 10 mL of reagent grade THF, 2 mL of water and DIEA (459 μL, 2.63 

mmol).  

To a separate 50 mL round-bottomed flask, di-tert-butyl dicarbonate (227 

mg, 1.04 mmol) was dissolved in 5 mL of THF and transferred drop wise over 2 

min to the flask containing freshly deprotected 27a. The reaction was stirred at 

room temperature for 12 h. The solution was diluted with 50 mL of EtOAc and 

washed with sat. aq. NH4Cl (2 x 20 mL). The EtOAc was concentrated in vacuo 

to yield a yellow foam. The yellow foam was purified by flash silica gel 

chromatography, eluting with an isocratic mobile phase 70: 30 EtOAc: Hex 

supplemented with 1% acetic acid. The product was obatained as a light yellow 

solid (421 mg, 73%). [α]D
22 = 17.7 (c = 1.0, MeOH). 1H-NMR (400 MHz; DMSO-

d6): δ  13.15 (br s, 1H), 9.58 (s, 1H), 9.39 (s, 1H), 8.90 (d, J = 7.5 Hz, 1H), 7.17 

(d, J = 8.6 Hz, 2H), 7.13 (d, J = 8.6 Hz, 2H), 6.68 (d, J = 8.6 Hz, 2H), 5.28 (s, 1H), 

5.08 (d, J = 8.5 Hz, 1H), 4.85 (ddd, J = 8.0, 5.3, 2.6 Hz, 1H), 3.34 (t, J = 5.3 Hz, 

1H), 3.30 (dd, J = 4.8, 2.4 Hz, 1H), 1.37 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): 

δ  171.2, 171.0, 166.4, 161.8, 157.9, 157.3, 129.6, 129.2, 128.9, 124.9, 116.0, 

115.4, 82.1, 78.8, 57.4, 55.3, 47.3, 28.7. HRMS (FAB) calculated for C24H28N3O8
 

486.18764; Found 486.18742 [M+H]+.  

 

N-tert-Butyloxycarbonyl Nocardicin G (28b). The title compound was prepared 

and purified analogously to compound 28a by replacing 27a with 27b (470 mg, 

0.88 mmol). The product was obtained as a light yellow solid (415 mg, 72%). 

[α]D
25 = -166.2 (c = 1.0, MeOH). 1H-NMR (400 MHz; DMSO-d6): δ  13.15 (br s, 
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1H), 9.60 (s, 1H), 9.39 (s, 1H), 8.77 (d, J = 8.2 Hz, 1H), 7.15 (d, J = 8.0 Hz, 2H), 

7.14 (d, J = 8.2 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 6.67 (d, J = 8.6 Hz, 2H), 5.32 (s, 

1H), 5.00 (d, J = 8.6 Hz, 1H), 4.85 (ddd, J = 7.7, 5.0, 2.4 Hz, 1H), 3.69 (t, J = 5.3 

Hz, 1H), 2.89 (t, J = 2.2 Hz, 1H), 1.36 (s, 9H). 13C-NMR (101 MHz, DMSO-d6): δ  

170.8, 170.7, 166.1, 157.5, 156.9, 154.8, 129.5, 128.6, 128.4, 124.1, 115.5, 

115.0, 78.3, 64.9, 56.9, 54.6, 46.4, 28.2. HRMS (FAB) calculated for C24H28N3O8
 

486.18764; Found 486.18738 [M+H]+.  

 

epi-Nocardicin G-pantetheine (29a). To a 10 mL round- bottomed flask 

equipped with a magnetic stir bar, 28a (49 mg, 0.10 mmol) was dissolved in 2 mL 

of reagent grade DMF and to this solution was added K2CO3 (42 mg, 0.30 mmol) 

and cooled to 0 °C with an ice-bath. To this cooled solution was added PyBOP 

(63 mg, 0.12 mmol) followed by 11 (39 mg, 0.12 mmol) and the reaction mixture 

was stirred for 30 min at room temperature. The solution was diluted with 40 mL 

of EtOAc and washed with sat. aq. NH4Cl (2 x 20 mL), sat. aq. NaHCO3 (1 x 20 

mL) and brine (1 x 20 mL). The EtOAc was concentrated in vacuo to a viscous oil, 

which was re-dissolved in 2 mL 70: 30 ACN: H2O. The product was purified by 

Prep Method B, collected, frozen on dry ice and lyophilized to dryness. The 

lyophilized powder was dissolved in 5 mL of reagent grade TFA and stirred at 

room temperature for 15 min. The TFA was removed in vacuo and the residue 

was re-suspended in 2 mL of 70: 30 H2O: ACN supplemented with 0.1% TFA. 

The freshly deprotected product was purified by Prep Method A, collected on dry 

ice and lyophilized to dryness to provide the product as a white TFA salt (32 mg, 
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41%). Isolation of 2 mg of diasteromerically pure material was achieved using 

Analytical Method B. 1H-NMR (400 MHz; D2O): δ  7.26 (d, J = 8.7 Hz, 2H), 7.16 

(d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 5.54 (s, 1H), 

5.02 (s, 1H), 4.76 (dd, J = 7.6, 2.1 Hz, 1H), 3.86 (s, 1H), 3.43 (t, J = 5.4 Hz, 1H), 

3.40-3.27 (m, 5H), 3.39 (d, J = 11.2 Hz, 1H), 3.28 (d, J = 11.2 Hz, 1H), 3.02 (app 

td, J = 6.3, 2.5 Hz, 2H), 2.28-2.24 (m, 2H), 0.78 (s, 3H), 0.74 (s, 3H). 13C-NMR 

(101 MHz, D2O): δ  199.3, 175.0, 173.9, 168.1, 162.8, 157.3, 156.6, 130.6, 130.6, 

130.0, 123.9, 123.3, 116.4, 116.0, 75.7, 68.4, 64.9, 54.8, 47.5, 38.6, 38.3, 38.3, 

35.3, 35.2, 28.5, 28.5, 20.5, 19.1. HRMS (FAB) calculated for C30H40N5O9S 

646.25468 Found 646.25354 [M+H]+. 

 

Nocardicin G-pantetheine (29b). The title compound was prepared and purified 

analogously to compound 29a by replacing 28a with 28b (49 mg, 0.10 mmol). 

The product was obtained as a TFA salt (34 mg, 44%). Isolation of 2 mg of 

diasteromerically pure material was achieved using Analytical Method B. 1H-NMR 

(400 MHz; D2O): δ  7.21 (d, J = 8.5 Hz, 2H), 7.17 (d, J = 8.5 Hz, 2H), 6.84 (2 x d, 

J = 8.5 Hz, 4H), 5.56 (s, 1H), 4.96 (s, 1H), 4.80 (dd, J = 4.4, 1.3 Hz, 1H), 3.84 (s, 

1H), 3.71 (t, J = 5.6 Hz, 1H), 3.37 (d, J = 11.2 Hz, 1H), 3.33-3.24 (m, 4H), 3.27 (d, 

J = 11.2 Hz, 1H), 3.09 (dd, J = 5.8, 2.4 Hz, 1H), 3.02 (t, J = 6.0 Hz, 3H), 2.26 (td, 

J = 6.4, 2.3 Hz, 2H), 0.78 (s, 3H), 0.73 (s, 3H). 13C-NMR (101 MHz, D2O): δ  

199.8, 175.0, 174.0, 169.1, 168.8, 157.3, 156.7, 130.8, 130.0, 123.8, 123.3, 

116.4, 116.0, 75.7, 68.4, 65.0, 56.0, 54.6, 47.0, 38.6, 38.3, 35.4, 35.2, 28.5, 20.5, 
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19.1. HRMS (FAB) calculated for C30H40N5O9S 646.25468 Found 646.25398 

[M+H]+. 

 

epi-Nocardicin G-SNAC (30a). To a 10 mL round-bottomed flask equipped with 

a magnetic stir bar, 28a (276 mg, 0.57 mmol) was dissolved in 2 mL of reagent 

grade DMF and to this solution was added DIEA (297 μL, 1.71 mmol) and cooled 

to 0 °C in an ice-bath. To this cooled solution was added PyBOP (325 mg, 0.63 

mmol) followed by SNAC (63 μL, 0.63 mmol) and the reaction was stirred for 30 

min at room temperature. The reaction mixture was diluted with 40 mL of EtOAc 

and washed with sat. aq. NH4Cl (2 x 20 mL), sat. aq. NaHCO3 (1 x 20 mL ) and 

brine (1 x 20 mL). The EtOAc was concentrated in vacuo to a viscous oil, which 

was re-dissolved in 2 mL 70: 30 ACN: H2O. The reaction was purified by Prep 

Method A and the product was collected, frozen on dry ice and lyophilized to 

dryness. The lyophilized powder was dissolved in 5 mL of reagent grade TFA 

and stirred at room temperature for 15 min. The TFA was removed in vacuo and 

the residue was re-suspended in 2 mL of 70: 30 H2O: ACN supplemented with 

0.1% TFA. The freshly deprotected product was purified by Prep Method A, 

collected, frozen on dry ice and lyophilized to dryness to provide the product as a 

white TFA salt (177 mg, 52%). Isolation of 2 mg of diasteromerically pure 

material was achieved using Analytical Method B. 1H-NMR (400 MHz; D2O): δ  

7.27 (d, J = 8.7 Hz, 2H), 7.15 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 6.84 (d, 

J = 8.6 Hz, 2H), 5.54 (s, 1H), 5.03 (s, 1H), 4.77 (dd, J = 5.2, 2.6 Hz, 1H), 3.42 (t, 

J = 5.6 Hz, 1H), 3.36 (dd, J = 6.0, 2.4 Hz, 1H), 3.26 (td, J = 6.2, 1.7 Hz, 2H), 3.01 
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(td, J = 6.2, 1.8 Hz, 2H), 1.76 (s, 3H). 13C-NMR (101 MHz, D2O): δ  199.4, 174.2, 

169.1, 168.1, 157.3, 156.6, 130.5, 130.0, 123.9, 123.4, 116.4, 116.0, 64.9, 56.0, 

54.8, 47.5, 38.3, 28.4, 21.8. HRMS (ESI) calculated for C23H27N4O6S 487.16458 

Found 487.1641 [M+H]+. 

 

Nocardicin G-SNAC (30b). The title compound was prepared and purified 

analogously to compound 30a by replacing 28a with 28b (276 mg, 0.57 mmol). 

The product was obtained as a white TFA salt (187 mg, 55%). Isolation of 2 mg 

of diasteromerically pure material was achieved using Analytical Method B. 1H-

NMR (400 MHz; D2O): δ  7.21 (d, J = 8.7 Hz, 2H), 7.16 (d, J = 8.7 Hz, 2H), 6.84 

(d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 5.55 (s, 1H), 4.96 (s, 1H), 4.80 (dd, J 

= 5.3, 2.6 Hz, 1H), 3.70 (t, J = 5.6 Hz, 1H), 3.27 (td, J = 6.1, 3.4 Hz, 2H), 3.08 (dd, 

J = 5.9, 2.6 Hz, 1H), 3.02 (t, J = 6.0 Hz, 2H), 1.77 (s, 3H). 13C-NMR (101 MHz, 

D2O): δ  199.8, 174.2, 169.1, 168.8, 157.3, 156.6, 130.7, 130.0, 123.8, 123.2, 

116.3, 116.0, 64.9, 56.0, 54.5, 47.0, 38.3, 28.4, 21.7. HRMS (ESI) calculated for 

C23H27N4O6S 487.16458 Found 487.1641 [M+H]+. 

 

L-[p-(hydroxy)phenyl]glycine-L-arginine-epi-nocardicin G-SNAC (31a). 

To a 100 mL round-bottomed flask equipped with a magnetic stir bar, compound 

15 (281 mg, 0.37 mmol) was dissolved in 10 mL of reagent grade THF. To this 

solution was added a catalytic amount of Pd-OH/C and the dipeptide was 

hydrogenated under 1 atm. of H2 at room temperature for 12 h. The mixture was 
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filtered through Celite, washed with THF (3 x 50 mL) and the filtrate was 

concentrated in vacuo and used without further purification. 

 In a separate 10 mL round-bottomed flask equipped with a magnetic stir 

bar, a mixture of 30a and 30b (200 mg, 0.33 mmol) was dissolved in 5 mL of 

reagent grade DMF containing K2CO3 (92 mg, 0.67 mmol) and cooled to 0 °C in 

an ice bath. To a separate 10 mL round- bottomed flask, freshly deprotected 15 

was dissolved in 2 mL of reagent grade DMF and to this was added K2CO3 (46 

mg, 0.33 mmol) and cooled to 0 °C with an ice bath. Once both solutions were 

sufficiently cooled, PyBOP (160 mg, 0.37 mmol) was added to the flask 

containing the carboxylic acid and after 1 min, the solution containing 25a and 

25b was transferred drop-wise over 2 min to the activated acid. The reaction 

mixture was stirred at 0 °C for 30 min then at room temperature for 2 h. The 

solution was diluted with 40 mL of EtOAc and washed with sat. aq. NH4Cl (2 x 20 

mL), NaHCO3 (1 x 20 mL) and brine (1 x 20 mL). The EtOAc was concentrated in 

vacuo to a viscous oil which was re-dissolved in 2 mL 70: 30 ACN: H2O. The 

reaction mixture was purified by Prep Method B and the product was collected, 

frozen on dry ice and lyophilized to dryness. The lyophilized product was 

dissolved in 5 mL of reagent grade TFA and stirred at room temperature for 15 

min. The TFA was removed in vacuo and the residue was re-suspended in 2 mL 

of 70: 30 H2O: ACN supplemented with 0.1% TFA. The freshly deprotected 

product was purified by Prep Method A to provide the product as a white TFA salt 

(2 mg, 7%). Isolation of 1 mg of diasteromerically pure material was achieved 

using Analytical Method A. 1H-NMR (601 MHz; D2O): δ  7.19 (d, J = 8.6 Hz, 2H), 
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7.18 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.83 (d, 

J = 8.6 Hz, 2H), 6.75 (d, J = 8.6 Hz, 2H), 5.55 (s, 1H), 5.23 (s, 1H), 5.00 (s, 1H), 

4.28 (t, J = 7.3 Hz, 1H), 3.46-3.44 (m, 1H) 3.45, 3.42-3.40 (m, 1H), 3.29-3.26 (m, 

2H), 3.05-3.01 (m, 4H), 1.76 (s, 3H), 1.69-1.67 (m, 2H), 1.51-1.42 (m, 1H), 1.41-

1.35 (m, 1H). HRMS (FAB) calculated for C37H46N9O9S 792.31392 Found 

792.31368 [M+H]+. 

 

L-[p-(hydroxy)phenyl]glycine-L-arginine-nocardicin G-SNAC (31b). The title 

compound was prepared and purified analogously to compound 31a. The 

product was obtained as a white TFA salt (3 mg, 10%). Isolation of 1 mg of 

diasteromerically pure material was achieved using Analytical Method B. 1H-NMR 

(601 MHz; D2O): δ  7.18 (d, J = 8.3 Hz, 2H), 7.11 (d, J = 8.1 Hz, 2H), 7.05 (d, J = 

8.4 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.6 Hz, 2H), 6.67 (d, J = 8.6 Hz, 

2H), 5.58 (s, 1H), 5.14 (s, 1H), 4.97 (s, 1H), 4.23 (t, J = 7.4 Hz, 1H), 3.74 (t, J = 

5.4 Hz, 1H), 3.33-3.27 (m, 2H), 3.15 (dd, J = 5.1, 2.0 Hz, 1H), 3.07-3.02 (m, 2H), 

2.99 (app td, J = 7.0, 3.0 Hz, 2H), 1.80 (s, 3H), 1.65-1.60 (m, 2H), 1.45-1.39 (m, 

1H), 1.36-1.31 (m, 1H). HRMS (FAB) calculated for C37H46N9O9S 792.31392 

Found 792.31423 [M+H]+. 

 

 

 

 

 



 95 

2.3.3 Uncatalyzed Noc G-SNAC to epi-Noc G-SNAC epimerization  

To determine the rate of spontaneous chemical epimerization of Noc G-SNAC 

30b to epi-Noc G-SNAC 30a at a biologically relevant pH, 500 μL of 1.0 mM Noc 

G-SNAC in 50 mM KiPO4, pH 7.5 were prepared. 25 μL of the reaction solution 

was aliquoted into 15 μL of a 0.2 % TFA aqueous solution on ice at t = 1, 2, 5, 10, 

15, 20, 30, 45, 65, 80, 120 and 180 min. Reactions were repeated in triplicate. 

Quenched reactions were analyzed via HPLC using analytical method B, 

monitoring absorption at 272 nm. The rate of chemical equilibrium (k1 + k2) was 

calculated by fitting the data to a non-linear one-phase decay curve.  
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Chapter 3 

Epimerization and High Substrate Gating by a Non-Ribosomal 

Peptide Synthetase TE Domain in Monocyclic -Lactam 
Antibiotic Biosynthesis 

 

3.1 Introduction 
 
 Nocardicin A, isolated from fermentation of Nocardia uniformis ssp. 

tsuyamanensis, is a monocyclic -lactam antibiotic that confers both modest 

activity against gram-negative bacteria and -lactamase resistance.1 In addition 

to nocardicin A, several minor nocardicin metabolites have been isolated that 

differ in amine oxidation state and the presence or absence of an ether-linked 

homoseryl side-chain. Of particular note, nocardicin G (1), the simplest member 

of the nocardicin family and apparently derived from a tripeptide core having the 

D,L,D-stereochemistry, has been demonstrated to give intact incorporation into 

nocardicin A (2, Figure 3.1).2 Earlier studies demonstrated that the -lactam ring 

of nocardicin A is derived from L-serine, that no change in oxidation state occurs 

at the seryl -carbon,3 and that clean stereochemical inversion is observed at this 

center.4 With partial overall retention of the seryl -hydrogen, the simplest 

interpretation of these data, assuming the intermediacy of a peptide precursor, is 

intramolecular nucleophilic displacement (SNi) of an activated seryl hydroxyl in an 

amide-containing precursor.  In contrast, the bicyclic -lactam isopenicillin N is 

assembled as a δ-(L-α-aminoadipoyl)-L-cysteinyl-D-valine (ACV) tripeptide by the 

NRPS ACV synthetase and then oxidatively cyclized separately to form both the 

-lactam and fused thiazolidine rings (Figure 3.1).5-8It was thought by analogy, 
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therefore, that nocardicin G could be constructed initially as a linear tripeptide 

(4a/b, Figure 3.1d) by the nocardicin NRPS(s) and then modified through seryl 

activation and SNi displacement (inversion) to form the -lactam core.4,9 The 

gene cluster responsible for the production of nocardicin A was reported in 2004 

(Figure 3.1c).10 Although the majority of the enzymes encoded by the 

biosynthetic cluster has been functionally identified,11-15 those involved in the 

early stages of nocardicin peptide assembly have only recently yielded to 

experiment. Prominent among them is a pair of NRPSs, NocA and NocB, which 

together comprise five modules (Figure 3.1d). Despite the tripeptide architecture 

of the nocardicins, however, all five modules of NocA and NocB are essential to 

antibiotic synthesis.16  

 Each module of an NRPS contains a peptidyl carrier protein (PCP) domain 

that is post-translationally modified by coenzyme A-derived phosphopantetheine 

(P-pant) attachment catalyzed by a phosphopantetheinyl transferase.17,18 Chain 

initiation is carried out by amino acid selection and activation by an ATP-

dependent adenylation (A) domain followed by transfer of the resulting aminoacyl 

adenylate to the P-pant thiolate on a partner PCP to form an aminoacyl thioester 

(aa-S-PCP).19 These building blocks are ordered according to the sequence of 

the NRPS modules and oligomerized commonly through amide linkages by 

condensation (C) domains.20 Additionally, other editing domains may be present 

in NRPSs, for example those catalyzing L- to D- epimerization (E domains) and 

N-methylation (M domains).21 The termination module found in these 

megasynthetases typically contains a thioesterase (TE) as the most downstream 



 101 

domain, which catalyzes the disconnection of the full-length peptide product from 

its cognate PCP domain.22,23 The pivotal discovery that NocI, a member of the 

MbtH superfamily,24 is required for NocA1, NocA2 and NocA4 activity enabled 

determination of the predicted peptide product of NocA/B to be L-pHPG-L-Arg-D-

pHPG-L-Ser-L-pHPG (3a, Figure 3.1d).25 Although all of the -amino acids 

activated by the respective A domains are L-amino acids, the internal pHPG of 

the pentapeptide was predicted to be epimerized to its D-diastereomer based on 

the presence of an E domain in module 3 (Figure 3.1d). 
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Figure 3.1 | Isopenicillin N and nocardicin A biosynthesis. (a) Isopenicillin N 
biosynthesis from NRPS ACV synthetase and isopenicillin N synthase. (b) 
Overall biosynthesis of nocardicin A from early stage peptide assembly initiated 
by pHPG biosynthesis to late stage nocardicin G modification. (c) Nocardicin A 
biosynthetic gene cluster, grey = non-essential genes, green = enzymes involved 
in the biosynthesis of pHPG, black = regulatory, resistance or transport enzymes, 
red = late stage enzymes involved in the conversion of nocardicin G (1) to 
nocardicin A (2), blue = NRPSs  (d) Domain and module architecture of NRPSs 
NocA and NocB and predicted peptide products.  
  

 While these recent studies have provided vital clues toward unraveling the 

early peptide construction steps to nocardicin A, they also define central 

unresolved questions. First, while a pentapeptide is predicted from NocA/B, the 

naturally-occurring nocardicins A-G contain only three amino acid residues. With 

the recent identification of L-pHPG and L-Arg as the amino acids specifically 

activated by modules 1 and 2 of NocA, respectively, it would seem that these two 

amino acid residues of the presumed pentapeptide precursor are removed during 

b 

c

 
d 
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the biosynthesis of the antibiotic while the C-terminal tripeptide is utilized by way 

of -lactam formation and epimerization at the carboxyl terminus to form 

nocardicin G (1). Second, despite the presence of an E domain in module 3, no E 

domain is embedded in module 5 leaving unanswered the question of how the C-

terminal D-pHPG stereochemistry arises. Finally, the timing of these events is 

unclear. -Lactam formation and C-terminal epimerization must logically occur 

after the last pHPG unit is added in module 5, but truncation of a pentapeptide to 

a tripeptide intermediate can take place before or after either or both of these 

reactions. These central issues are highlighted in Figure 3.2 below. 

 

Figure 3.2 | Central unresolved questions regarding the nocardicin 
synthetase. 

To address the roles that NocA and NocB play in the biosynthesis of the 

nocardicins, we focused on the function of the TE domain. Here we present the 

in vitro reconstitution of the excised TE domain and the detailed biochemical 

characterization of a series of potential peptide substrates and modified peptides 

bearing seryl residues that are O-phosphorylated, O-acetylated or cyclized to an 

integrated -lactam ring. We demonstrate that the NocB thioesterase (NocTE) 
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shows acute specificity for -lactam-containing peptide substrates, and is 

responsible for catalyzing epimerization of the C-terminal pHPG residue to the D-

configuration characteristic of the nocardicins. A -lactam-containing 

pentapeptide is the preferred product released from NocTE, whose two N-

terminal L-amino acid residues are readily proteolyzed to yield nocardicin G (1). 
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3.2 Results and Discussion 
 

3.2.1 In vitro reconstitution of TE activity 
 

To identify the final product released from the nocardicin NRPSs, the 

purified, recombinant NocTE was reconstituted in vitro and supplemented with a 

variety of pantetheine (pant) and N-acetylcysteamine (SNAC) thioester peptides 

varying in length, serine modification and C-terminal pHPG stereochemistry. 

Their syntheses have been described elsewhere (Figure 3.3).26 This 

experimental approach was chosen because the peptidyl-S-PCP found in the 

natural biosynthetic template has been successfully replaced by SNAC and 

pantetheine thioesters in other related systems.27,28  

 

Figure 3.3 | Substrates synthesized to probe the function of NocTE. 
Substrates vary in peptide length, C-terminal pHPG stereochemistry and O-seryl 
modification.  
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First, thioester-containing linear tripeptides 5a and 5b and pentapeptides 

6a and 6b were incubated with purified NocTE. These four peptidyl thioester 

substrates were the most likely candidates for thioesterase processing, 

presuming the nocardicin megasynthetases assemble a peptide product in the 

expected canonical fashion. Surprisingly, after 3 h incubation of 20 μM NocTE 

with either the pantetheinyl tripeptide 5a or 5b or pantetheinyl pentapeptide 6a or 

6b, less than 5% of each substrate was hydrolyzed to its free acid (Figure 3.4). 

This analysis was quantified by comparison to a negative control in which the 

active site serine of the NocTE was replaced with alanine (TE*S1779A). Of 

particular note, the C-terminal D-pHPG diastereomer of the pentapeptide 6b and 

tripeptide 5b thioesters were found to be the poorest substrates, providing little to 

no observable hydrolysis above background. This result suggested that, although 

C-terminal L-pHPG thioesters preferably acylate NocTE, the pentapeptides (3a/b) 

and tripeptides (4a/b), regardless of C-terminal stereochemistry, are not the 

products of the NocA/B as previously proposed.10,16,29  
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Figure 3.4 | HPLC analysis of linear thioester substrates with NocTE. (a) 
HPLC analysis of NocTE incubated with pentapeptide-pantetheine 6a/6b. Very 
little hydrolysis was observed after 3 h (< 3%). (b) HPLC analysis of NocTE 
incubated with tripeptide-pantetheine 5a containing a C-terminal L-pHPG. Very 
little hydrolysis was observed after 3 h (< 5% turnover). NocTE hydrolyzed only 
the tripeptide containing a C-terminal L-pHPG 4a. (c) HPLC analysis of NocTE 
incubated with an enriched mixture of tripeptide-pantetheine 5b containing a C-
terminal D-pHPG. Very little hydrolysis was observed after 3 h (< 5% turnover) 
and only the tripeptide-thioester containing a C-terminal L-pHPG 4a was 
hydrolyzed. 

a 
 
 
 
 
 
 
 
 
 
 
b 
 
 
 
 
 
 
 
 
 
 

c 
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Next, pantetheinyl tripeptides containing modified seryl residues, O-

phosphoryl 7a/b and O-acetyl 8a/b, were examined as possible substrates for 

the TE. These substrates were envisioned as plausible hydroxyl-activated 

peptides for SNi -lactam ring formation, and –OX displacement within the TE 

active site.10 It was found, however, that incubation of the excised NocTE with 

either pantetheinyl 7a/b or 8a/b tripeptides failed to produce nocardicin G (1) and 

<2% thioester hydrolysis was observed when compared to the TE*S1779A 

negative control (Figure 3.5).  
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Figure 3.5 | HPLC analysis of activated thioester substrates with NocTE. (a) 
NocTE incubated with phosphoryl tripeptide pantetheine 7a/b. No observable 

hydrolysis above background was found and no -lactam formation was detected. 
(b) HPLC analysis of NocTE incubated with O-acyl tripeptide pantetheine 8a 
substrate. Very little hydrolysis was observed after 3 h (< 5% turnover). NocTE 
hydrolyzed only the tripeptide thioester containing a C-terminal L-pHPG was 
observed by comparison with stereopure synthetic standard. (c) HPLC analysis 
of NocTE incubated with O-acetyl tripeptide pantetheine 8b. Very little hydrolysis 
was observed after 3 h (< 5% turnover). NocTE hydrolyzed only the tripeptide 
thioester containing a C-terminal L-pHPG was observed relative to background 
hydrolysis, by comparison with stereopure synthetic standard. 
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Following the disheartening failure of all predicted or proposed linear and 

activated peptidyl thioester substrates for the nocardicin TE domain, pantetheinyl 

-lactams epi-nocardicin G (9a) and nocardicin G (9b) were examined next as 

potential substrates for the NocTE, which presumes prior -lactam formation. TE 

catalysis, indeed, was observed. After 3 h, >99% of both -lactam substrates 9a 

and 9b had been converted to the same epimer, nocardicin G (1), containing 

cleanly the D,L,D-configuration (Figure 3.6). TE turnover of -lactam-containing 

substrates revealed that azetidinone formation precedes TE release, implying, 

therefore, that it occurs on a peptide precursor covalently tethered to an 

upstream PCP domain.  
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Figure 3.6 | HPLC analysis of tripeptidyl thioester substrates containing a 

pre-formed -lactam ring with NocTE. Both diastereomers of the tripeptidyl -
lactam-containing substrates, 9a and 9b, were processed by NocTE forming only 
one product, nocardicin G (1) containing a C-terminal D-pHPG.  
 

To shed light on the length of the peptide product released by the 

nocardicin NRPSs, L-pHPG-L-Arg-epi-nocardicin G-SNAC (10a) and L-pHPG-L-

Arg-nocardicin G-SNAC (10b) substrates were synthesized, varying from the 

nocardicin analogs 12a and 12b by the addition of the N-terminal dipeptide L-

pHPG-L-Arg in keeping with the incorporation of all 5 amino acids activated by 

NocA and NocB. After 3 h incubation with NocTE, these substrates strikingly 

were also efficiently converted to L-pHPG-L-Arg-nocardicin G (14) containing a 

C-terminal D-pHPG (Figure 3.7).  
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Figure 3.7 | HPLC analysis of pentapeptidyl thioester substrates containing 

a pre-formed -lactam ring. Both diastereomers of the pentapeptidyl -lactam-
containing substrates, 10a and 10b, were processed by NocTE forming only one 
product, L-pHPG-L-Arg-nocardicin G (14) containing a C-terminal D-pHPG.  
 

To more deeply probe the necessity for prior -lactam ring formation, D-

pHPG-L-Ala-L-pHPG-pant 11 was synthesized and incubated with NocTE to 

determine its behavior compared to 9a or 9b. Substitution of alanine for serine 

was envisioned as a neutral potential substrate similar in size and polarity to the 

-lactam, but conformationally distinct. After 3 h incubation of 11 with NocTE, 

<10% hydrolysis was observed (Figure 3.8). Again, as in the case of the serine-

containing peptide substrates 5a, 5b, 6a, and 6b, the alanine tripeptide 11 

containing a C-terminal L-pHPG was even more poorly hydrolyzed than the D-
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pHPG diastereomer relative to the TE*S1779A control. In sum, these findings 

with potential peptide substrates underscore the binding selectivity of the NocTE 

domain, optimized for the conformational parameters of a -lactam ring. The 

results of the substrate profiling experiments conducted with NocTE are 

summarized in Figure 3.9. 

 

Figure 3.8 | HPLC analysis of alanine substitute linear thioester substrates 
with NocTE. HPLC analysis of NocTE incubated with alanine substituted 
tripeptide 11. Very little hydrolysis was observed after 3 h (< 5% turnover) and 
only the product containing a C-terminal L-pHPG was detected. “Tri(CH3)-D” and 
“Tri(CH3)-L” correspond to D-pHPG-L-Ala-D-pHPG and D-pHPG-L-Ala-L-pHPG 
respectively. 
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Figure 3.9 | In vitro substrate profiling of NocTE. Top: Linear and activated 
penta- and tri- peptides are poor substrates for NocTE. Lower: Pre-formation of 

-lactam at the seryl position results in NocTE epimerization and hydrolysis 
activity. 
 

3.2.2 NocTE domain does not form the -lactam ring 
 

With insight now that stringent discrimination by the NocTE against 

peptide intermediates can be decisively overcome by prior monocyclic -lactam 

formation, we set out to more rigorously test the proposed role that NocTE may 

play in mediating -lactam ring formation by investigating peptidyl-S-PCP5 

delivery of a suitably activated substrate. Although SNAC and pantetheine 

thioesters can typically serve as artificial substrate mimics for the PCP-
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phosphopantetheine moiety, studies of peptidyl-SNAC substrates for fengycin 

and mycosubtilin peptide cyclases failed to elicit activity from their respective 

TEs.30 In these cases activity was only established upon loading peptidyl-4’-

phosphopantetheine onto the upstream PCP by an Sfp-catalyzed transfer of a 

synthetic acyl-CoA onto the corresponding apo-PCP. To replicate this approach, 

the CoA thioesters of 7a/b were prepared (15a/b, Figure 3.10). The PCP5-TE 

didomain was obtained similarly to the TE monodomain, and this apo-PCP5-TE 

construct was covalently modified with an O-phosphoryl tripeptidyl CoA analog of 

7a/b through an Sfp-mediated phosphopantetheine transfer reaction to produce 

the holo-O-phosphoryl tripeptidyl-S-PCP5-TE didomain (Figure 3.11). As was 

seen with the pantetheinyl analogs 10a/b, incubation of this holo-construct failed 

to elicit thioesterase activity or produce nocardicin G (Figure 3.11).  

 

 

Figure 3.10 | CoA thioesters synthesized to be utilized in Sfp catalyzed 
PCP-TE loading experiments. 
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Figure 3.11 | Loading of PCP5-TE with 15a/b. (a) Schematic of holo-PCP5-TE 
construct covalently modified with a 4’-phosphopantetheinyl O-phosphoryl 
tripeptide on the active site serine of the PCP domain by an Sfp-mediated 
reaction with 15a/b. (b) HPLC analysis of holo-PCP5-TE modified construct. After 
24 h incubation, nocardicin G (1) was not observed as determined by comparison 
with synthetic standard of 1. Simple hydrolysis of the O-phosphoryl tripeptide was 
observed to a small extent (peaks appear between 2 and 3.5 min on wild-type 
trace (in green). 

 

As a positive control, epi-nocardicin G CoA was also synthesized (16a/b, 

Figure 3.10) and loaded onto the apo-PCP5-TE construct with Sfp as depicted in 

Figure 3.12. As had occurred with the incubation of NocTE with 9a and 9b, the 

a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b 
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holo-epi-nocardicin G-S-PCP5TE construct rapidly produced nocardicin G with no 

observable epi-nocardicin-G formed (Figure 3.13). This result, together with the 

failure of O-phosphoryl and O-acetyl pantetheinyl tripeptides 7a/b and 8a/b and 

the CoA analog of 7ab, reasonably eliminates the cyclodehydration potential of 

the TE domain with an O-phosphoryl or O-acetyl substrate primed for SNi 

displacement.  

 

Figure 3.12 | Loading of PCP5-TE with 16a/b. Schematic of holo-PCP5-TE 
construct covalently modified with a 4’-phosphopantetheinyl nocardicin G or epi-
nocardicin G on the active site serine of the PCP domain by an Sfp-mediated 
reaction with 16a/b.  
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Figure 3.13 | HPLC analysis of covalently loaded epi-nocardicin G and 
nocardicin G onto apo-PCP5-TE to observe turnover catalyzed by NocTE. 
(a) After 3 h incubation of holo-PCP5-TE covalently modified with a 4’-
phosphopantetheinyl nocardicin G or epi-nocardicin G, the formation of 1 was 

observed. (b) After 24 h incubation of holo-PCP5-TE, all of the bound -lactam 
peptides and residual 16a/b were converted to 1. 
 

3.2.3 1H-NMR studies of NocTE epimerization activity 
 
 Coordination of the two catalytic activities of the NocTE was further 

characterized by reconstitution of the reaction of epi-nocardicin G-SNAC (12a) to 

nocardicin G (1) in D2O, and examination by NMR spectroscopy. To conduct this 

analysis, NocTE was dialyzed into 50 mM ammonium bicarbonate buffer pH 7.5, 

and lyophilized to dryness overnight. The dry NocTE was resuspended in 

deuterated assay buffer, pD 7.2. The reaction was initiated by the addition of 1 

a 
 
 
 
 
 
 
 
 
 

b 
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μM NocTE to freshly prepared 10 mM 1:1 epi-nocardicin G-SNAC (12a):noc G-

SNAC (12b) in deuterated assay buffer and the 1H-spectrum was monitored as a 

function of time (Figure 3.14a).  

 Upon incubation with NocTE, the appearance of the diagnostic, 

diastereotopic C-4 hydrogens of the -lactam ring corresponding to the D,L,D-

diastereomer was monitored (Figure 3.14a). These resonances appear at 3.80 

ppm (t, J = 5.7 Hz, 1H) and 3.11 ppm (dd, J = 5.7, 2.3 Hz, 1H). Not observed 

were the resonances for the corresponding C-4 hydrogens in epi-nocardicin G, 

which appear as a multiplet shifted downfield relative to those of nocardicin G. 

The spectral dispersion at 500 MHz provided a clear separation of the two 

potential hydrolyzed products. The progression of the reaction was also 

evaluated by the disappearance of the singlet corresponding to the acetyl group 

of epi-nocardicin G-SNAC (12a) and nocardicin G-SNAC (12b) at 1.92 and 1.90 

ppm, respectively, along with the disappearance of the C-4 diastereotopic 

hydrogens of the epi-nocardicin G-SNAC.  
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Figure 3.14 | 1H-NMR spectrometric analysis of NocTE with epi-nocardicin 
G/nocardicin G-SNAC. (a) 1H-NMR experiment demonstrating NocTE turnover 
of epi-nocardicin G/nocardicin G-SNAC. The bottom spectrum labeled “-NocTE” 
shows the substrates 12a/b before NocTE addition. “D” and “L” correspond to the 
N-acetyl peaks of SNAC of the nocardicin G-SNAC (12b) and epi-nocardicin G-
SNAC (12a) thioesters, respectively. Arrows highlight the two C-4 diastereotopic 
hydrogen resonances of 1, whose appearance was monitored throughout the 
experiment. (b) 1H-NMR comparison of synthetic epi-nocardicin G and nocardicin 
G (1) with isolated deutero-nocardicin G (in red) from NocTE conversion of 12a/b 
in D2O. 
 

In accord with the in vitro experiments monitored by HPLC analysis (Fig. 

3b), we observed the exclusive formation of nocardicin G and no detectable 

formation of the diastereomeric epi-nocardicin G (Figure 3.14a). If NocTE were 

only catalyzing hydrolysis of each diastereomer, the formation of both nocardicin 

G and epi-nocardicin G at the thermodynamic equilibrium of 1.1: 1 12b: 12a 

would be expected.26 Interestingly, the depletion of nocardicin G-SNAC (12b) 

occurred more rapidly and could be visualized most strikingly from comparison of 
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the integration of the singlets corresponding to the acetyl group of the substrates 

in the no-enzyme control spectrum to the first collected spectrum at t = 10 min 

(Figure 3.14a). The singlet at 1.92 ppm, corresponding to N-acetyl moiety of 

nocardicin G-SNAC (12b), disappears more rapidly and equilibrates to a ratio of 

approximately 1: 4.3 (1.92: 1.90 ppm) from a starting ratio of ~1: 1 throughout the 

duration of the experiment.  

 To further verify this result, the NMR experiment was quenched and the 

products were analyzed by HPLC to isolate the -lactam produced from the 

remaining starting material and SNAC by-product (Figure 3.15a). Spectral 

comparison to synthetic standards of nocardicin G and epi-nocardicin G revealed 

that the -hydrogen resonance corresponding to the C-terminal pHPG (5.25 

ppm) was absent in the isolated nocardicin G while the N-terminal pHPG -

hydrogen resonance (4.96 ppm) remained fully intact (Figure 3.14b). MS analysis 

confirmed the identity of the product as monodeutero-nocardicin G (Figure 3.15). 
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Figure 3.15 | HPLC and MS analysis of 1H-NMR experiment with 12a/12b in 
D2O/KiPO4, pD 7.2. (a) Injection of 100 μL of 1 μM NocTE incubated with 10 mM 
12a/b after completion of 1H-NMR arrayed deuterium-exchange experiment. New 
product had formed at tR = ~16 min. Product was isolated over multiple injections. 
HPLC analysis also revealed the presence of residual 12a/b substrate. (b) Total 
ion chromatogram (TIC) of isolated product. (c) HRMS of isolated product, [M]+, 
[M + H]+ and [M + Na]+ masses corresponding to monodeutero-nocardicin G 
were observed. [M]+ calcd for C19H18DN3O6 386.1337, [M + H]+ calcd for 
C19H19DN3O6 387.1409, [M + Na]+ calcd for C19H18DN3NaO6 409.1234. 
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b 
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3.2.4 Epimerase function of NocTE 
 
 More precise characterization of NocTE as a dual function epimerase/ 

hydrolase was achieved by determining the steady-state rate of epi-nocardicin G-

SNAC (12a) turnover to 1 in the presence of NocTE. This transformation requires 

enzyme acylation, C-terminal pHPG epimerization and hydrolysis. The rate of 

uncatalyzed epimerization of nocardicin G-SNAC (12b) to epi-nocardicin G-

SNAC (12a) in buffered aqueous solution at pH 7.5 has been previously 

determined to be 3.3(1) x 10-2 min-1 (k1 + k2) with a half life of ~21 min.26 Dynamic 

equilibrium is achieved at a ratio of 1.1: 1 12b to 12a, indicating that the C-

terminal D-diastereomer is the slightly more thermodynamically favored thioester 

species. Thus, the rate of uncatalyzed epimerization of 12b to 12a, k1, was 

calculated to be 1.57(5) x 10-2 min-1 while the reverse reaction, k2, was 

determined to be 1.73(6) x 10-2 min-1. 

 Steady-state kinetic parameters were identified for the NocTE catalyzed 

epimerization and hydrolysis of epi-nocardicin G-SNAC (12a) and nocardicin G-

SNAC (12b) by quantifying the production of free thiol using Ellman’s 

reagent.31,32 The substrates nocardicin G-SNAC (12b) and epi-nocardicin G-

SNAC (12a) were >99% diasteromerically pure as determined by 1H-NMR and 

13C-NMR spectroscopy.26 Owing to limited solubility at high concentrations of the 

SNAC thioesters in aqueous buffer, DMSO was present at 5% (v/v), which had 

no measureable effect on NocTE activity. As a further control, HPLC analysis 

verified that uncatalyzed epimerization of 12a and 12b dissolved in DMSO did 

not occur on the time scale of the experiment and, thus, allowed for the accurate 
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measurement of NocTE-catalyzed epimerization. Finally, the NocTE catalyzed 

reactions were started with the addition of substrate rather than enzyme to strictly 

limit background non-enzymatic epimerization once the substrate was introduced 

to pH 7.5 buffer. The measured reaction rates were corrected for the rate of 

background hydrolysis in the absence of TE and the data were fit to the non-

linear Michaelis-Menton equation to determine kobsE+H, kobsH and Km (Figure 3.16). 

KobsE+H is defined as the observed rate of NocTE conversion of stereopure 12a to 

1 and kobsH is defined as the observed rate of NocTE conversion of stereopure 

12b to 1.   

 

 

Figure 3.16 | Kinetic analysis and determination of NocTE as a dual 
epimerase/hydrolase. (a) Depiction of NocTE catalyzed conversion of epi-
nocardicin G-SNAC (12a) and nocardicin G-SNAC (12b) to nocardicin G (1). (b) 
Plots of initial velocities vs. 12a (left) and 12b (right) concentration. 
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The rate of NocTE catalyzed conversion of epi-nocardicin G-SNAC (12a) 

to nocardicin G (1) was determined to be kobsE+H = 24.5(7)  min-1 with a Km = 

4.2(3) mM (Figure 3.16b). The kobsE+H rate, in comparison to the uncatalyzed rate 

of 12a to 12b substrate epimerization, k2, is over 1,400x faster. This rate 

enhancement relative to spontaneous chemical epimerization, established the 

NocTE domain as a dual epimerase/hydrolase, a previously uncharacterized 

function of NRPS TE domains.  

To distinguish whether epi-nocardicin G-SNAC is being epimerized as the 

PCP-bound thioester, and then transferred to the active site Ser1779 of NocTE, 

or as an oxyester after acyl transfer, the rate of epimerization of nocardicin G-

SNAC to epi-nocardicin G-SNAC was measured in assays with TE*S1779A or 

TE*S1779C, NocTE mutants lacking their catalytic serine. Comparison of k1 and 

k2 to epimerization in the presence of TE*S1779A or TE*S1779C indicated no 

observable rate change (Figure 3.17). These results further suggest that NocTE 

catalyzed epimerization occurs on a peptidyl-O-TE bound intermediate and not 

as its cognate PCP bound thioester. 

 The rate of NocTE catalyzed conversion of nocardicin G-SNAC (12b) by 

the NocTE to nocardicin G was determined to be kobsH = 220(5) min-1 with a Km = 

2.6(2) mM by direct measurement of the rate of turnover of NocTE incubated with 

>99% diasteromerically pure nocardicin G-SNAC (12b) with excised NocTE. 

Thus, hydrolysis is ~10x faster than epimerization, which, therefore, is partially 

rate-determining in the overall reaction sequence. An alternative estimate of TE 

specificity was obtained by direct calculation of the specificity parameter kobs/Km . 
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The kobsE+H/Km for NocTE catalyzed turnover of epi-nocG-SNAC 12a was 

calculated to be 5.8(4) mM-1 min-1 while the kobsH/Km for nocardicin G-SNAC 12b 

is calculated to be 84(8) mM-1min-1, a 14-fold preference for the C-terminal D-

pHPG -lactam-containing thioester stereochemistry. 

 

Figure 3.17 | Analysis of conversion of 12a to 12b in the presence of 
TE*S1779A and TE*S1779C. (a) The rate of decay of 12a in the presence of 
TE*S1779A was calculated to be ~3.0 x 10-2 min-1, half life of 12a was 
determined to be ~24 min. (b) The rate of decay of 12a in the presence of 
TE*S1779C was calculated to be ~3.0 x 10-2 min-1, half life of 12a was 
determined to be ~24 min. 
 

 Finally, with these observations in hand, a competition experiment was 

conducted to more clearly identify the peptide length preferentially processed by 

the NocTE domain. A 1:1 mixture of nocardicin G-SNAC (12b) and L-pHPG-L-
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Arg-nocardicin G-SNAC (10b) was incubated with NocTE and the reaction was 

monitored by HPLC over time. HPLC analysis clearly showed production of L-

pHPG-L-Arg-nocardicin G (14) after only 30 s with little to no observable 

nocardicin G (1) formation (Figure 3.18). After 4 min, virtually no 10b remained 

compared to 12b. Similar results were obtained in a separate competition 

experiment between 10a and 12a (Figure 3.18). These data show at least a 20-

fold preference of the NocTE domain for the pentapeptide -lactam-containing 

intermediate, L-pHPG-L-Arg-nocardicin G (14), in harmony with the previously 

unexpected requirement that all five modules in NocA/B be functional to observe 

antibiotic synthesis.16  

 

Figure 3.18 | HPLC analysis of competition experiment between substrates 
12a/10a and 12b/10b with NocTE. Left: HPLC traces of various time points of a 
competition experiment between tripeptidyl nocardicin G-SNAC (12b) and 
pentapeptidyl L-pHPG-L-Arg-nocardicin G-SNAC (10b). The HPLC trace at 
quench t = 4 min, indicating 10b consumption is highlighted in pink. Right: HPLC 
traces of various time points of a competition experiment between 12a and 10a. 
The HPLC trace at quench t = 24 min, indicating total 10a consumption is 
highlighted in pink. 
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3.3 Conclusion 

The function of a TE domain to epimerize peptide products is a previously 

unknown NRPS strategy compared to that of canonical E domains. These 

domains have distinct primary functions and active site architectures, but may 

rely on related mechanisms to catalyze the epimerization of α-centers. In typical 

E domains, epimerization occurs on the PCP bound peptide thioester and rapidly 

produces an equilibrium of ~ 60% D-/40% L-a.a.-S-PCP while the downstream C 

domain selects and incorporates the D-isomer into the growing peptide chain.33 

In the case of E domains embedded in elongation modules, epimerization occurs 

at the peptidyl-S-PCP stage after condensation but before peptide transfer.34 In 

both scenarios, it is the presence of the carrier protein thioester linkage that 

enables epimerization of the -center through stabilization of the carbanion 

generated. The pKa of an -hydrogen adjacent to a simple thioester is ~21 

compared to a value of ~25 for the corresponding oxyester, as would be 

encountered in a TE domain.35 Additional anion stabilization is provided, however, 

by the presence of an aryl substituent at the -carbon. This unique structural 

feature of a pHPG residue lowers the pKa by an additional 6-7 units36 and brings 

sufficiently rapid epimerization into the range of a physiological base for its 

oxyester in the NocTE active site. This effect is further enhanced by a ~10-fold 

amplification of the exchange rate afforded by the adjacent preformed -lactam.26 

Like NocTE, other NRPS domains have been characterized to perform 

epimerization reactions in addition to their canonical functions. In comparative 

examples to nocardicin A, such as in the assembly of arthrofactin, syringomycin, 
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syringopeptin and ramoplanin, it has been established that C domains in their 

corresponding NRPSs were responsible for catalyzing both epimerization and 

amide bond formation.37 Alignment of these dual C/E domains revealed a unique 

N-terminal sequence of about 50 amino acids ending in an elongated His motif 

conforming to the sequence HHI/LXXXXGD and is distinct from the His motif 

associated with amide bond formation.37 Upon primary sequence comparison of 

NocC5 with these characterized dual functioning C/E domains, the conserved N-

terminal sequence conferring epimerization activity was not found. Epimerization 

occurs in these dual C/E domains through non-covalent interaction with the 

aminoacyl-S-PCP or peptidyl-S-PCP, by again exploiting the -carbanion 

stabilizing properties of the adjacent thioester. In examples of pyocein and 

yersiniabactin biosynthesis, encoded A domains within their respective NRPSs 

were found to have 310-360 residue inserts that confer epimerization activity.38 

These inserts are also used to facilitate proton transfer on the acyl-S-PCP 

intermediate after chain elongation through non-covalent interactions with the “E” 

insert within the A domain.  

 In TE domains where a catalytic triad is present, the peptidyl intermediate 

is first covalently transferred to the active site serine, followed by intramolecular 

or intermolecular nucleophilic attack on the oxyester to form the corresponding 

macrocyclic or linear peptide product.39 Primary sequence analysis of NocTE 

does not reveal any suspect E domain-like catalytic motif and it is postulated 

here that the epimerization activity of NocTE is conferred by the catalytic triad 

present within the active site cavity or residues proximal to it. Epimerization 
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occurs on the -lactam-O-TE species, not on the peptidyl-S-PCP as has been 

established in all other characterized E, C/E and A/E domains. Spontaneous 

chemical epimerization of the pHPG α-hydrogen adjacent to a thioester 

measured previously at a physiologically relevant pH, further underscores the 

inherent stereochemical instability at this site.26 In contrast to canonical E 

domains, which rely on a downstream C domain to specifically incorporate the 

correct stereoisomer from an equilibrating D/L-pool. NocTE performs this 

resolution autonomously. Unlike most type I thioesterases, which exhibit a 

degree of relaxed selectivity for structurally related substrates, the NocTE is 

evolutionarily optimized for the steric constraints imposed by an integrated -

lactam ring. Related peptide substrate analogs were only very poorly hydrolyzed. 

Experiments, even with peptides bearing activated O-seryl moieties for SNi 

displacement, while negative, render unlikely a role for the TE domain in 

monocyclic -lactam synthesis. It can be deduced, however, from the data 

reported here that -lactam formation precedes NocTE catalyzed epimerization 

and hydrolysis and must occur elsewhere on the NRPS. One possibility is that 

azetidinone formation takes place on a the peptidyl-S-PCP bound intermediate, 

presumably in module 5 since it is the C-terminal pHPG nitrogen that is required 

for -lactam ring formation, and is catalyzed in cis by the NRPS (Figure 3.19a). A 

second, perhaps more compelling, potential mechanism has been proposed4 in 

which cyclodehydration could occur, and would invoke a presently unknown 

auxiliary enzyme-assisted reaction acting in trans with the NocNRPS (Figure 

3.19b). Such a process is not without precedent.21 A particularly relevant 
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example is the biosynthesis of coronamic acid in which two enzymes transform 

an L-allo-isoleucine-S-PCP to a cyclopropane-containing-S-PCP bound 

intermediate.40  

 

Figure 3.19 | Possible pathways to monocyclic -lactam formation. 

 

By extension, cyclodehydration of a peptidyl-S-PCP5 intermediate in 

nocardicin biosynthesis could be catalyzed by an auxiliary enzyme through 

activation of the seryl hydroxyl and subsequent -lactam formation by 

deprotonation of the C-terminal amide, a transformation precedented in synthetic 

models.41 The -lactam intermediate can then undergo transacylation to NocTE, 

where epimerization occurs, and the propeptide--lactam intermediate released.  

The evidence provided by the competition experiment suggests that it is the 

pentapeptide -lactam 14 that is the product of NocTE and presumably removal 

of the N-terminal L-pHPG-L-Arg residues occurs by rapid cellular proteolysis to 

give nocardicin G. Thus, simple editing of the programmed NRPS pentapeptide 

product to a modified tripeptide is proposed to be the last step(s) in formation of 

the central -lactam-containing biosynthetic intermediate, nocardicin G (1). In 

contrast to the dazzlingly efficient oxidative reaction to penicillin using an entirely 

conventional NRPS tripeptide, ACV (Fig. 1a), the non-oxidative strategy to the 
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structurally simpler monocyclic -lactam in the nocardicins has arisen from the 

appearance of new NRPS synthetic capabilities. 

 

3.4 Experimental 
 

3.4.1 General methods 
 

1H-NMR spectra were recorded on a Bruker Avance (Billerica, MA) 400 or 

300 MHz spectrometer or a Varian 500 MHz spectromenter. Proton chemical 

shifts are reported in ppm (δ) relative to internal tetramethylsilane (TMS, δ 0.0 

ppm) or with the solvent reference relative to TMS (D2O, δ 4.79 ppm, CDCl3, δ 

7.26 ppm, DMSO-d6, 2.50 ppm). Data are reported as follows: chemical shift 

(multiplicity [singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m)], 

coupling constants [Hz], integration). 13C-NMR spectra were recorded on a 

Bruker 400 (101 MHz) spectrometer with complete proton decoupling. Carbon 

chemical shifts are reported in ppm (δ) relative to TMS with the (CD3)2SO (δ 

39.52 ppm) or CDCl3 (δ 77.16 ppm) as the internal standard. High-resolution 

mass spectrometry was performed by fast atom bombardment (FAB) or 

electrospray ionization (ESI) at the Mass Spectrometry Facility of the Johns 

Hopkins University. Column chromatography was carried out on Silica Gel 60 

Merck (Whitehouse Station, NJ), 230-400 mesh ASTM. Reagents and chemicals 

were purchased from the Sigma-Aldrich Chemical Company (Milwaukee, WI) 

unless otherwise noted and used without further purification. Pearlman’s catalyst 

(Pd-OH/C) was purchased and used without further purification from Strem 
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Chemicals, Inc. (Newburyport, MA). All solvents used for reactions were distilled 

prior to use (THF over Na/benzophenone, CH2Cl2 and CH3CN over CaH). 

Preparative HPLC purifications were performed on an Agilent model 1100 

(Santa Clara, CA) equipped with a multi-wavelength UV-Vis detector in 

conjunction with a reverse-phase Phenomenex Luna 10μ C18(2) 100 Å 

preparatory column (250 x 21.20 mm ID). Mobile phase conditions included one 

of the following: Prep Method A (water + acetonitrile (ACN) +0.1% TFA): 0–5 

min isocratic 13% water 87% ACN + 0.1% TFA, 5-25 min gradient 13% to 50% 

ACN + 0.1% TFA, 25-30 min 50% ACN to 13% ACN, 30-35 min isocratic 13% 

water 87% ACN + 0.1% TFA. Flow rate = 6.5 mL/min. Prep Method B (water + 

ACN + 0.1% TFA): 0-25 min gradient 15-80% ACN + 0.1% TFA, 25-30 min 80% 

to 15% ACN + 0.1% TFA, 30-35 min 15% ACN + 85% water + 0.1% TFA. Flow 

rate = 6.5 mL/min. 

 Analytical HPLC purifications of synthetic substrates were performed on 

an Agilent model 1200 equipped with a multi-wavelength UV-Vis detector in 

conjunction with a reverse phase Phenomenex Luna 5u phenyl/hexyl analytical 

column (250 x 4.60 mm ID). Analytical Method A (water + ACN + 0.1% TFA):  

0-5 min isocratic 93% water + 7% ACN +0.1% TFA, 5-22 min gradient 7% to 

50% ACN + 0.1% TFA, 22-25 min gradient 50% to 7% ACN + 0.1% TFA, 25-35 

min isocratic 93% water + 7% ACN + 0.1% TFA. Flow rate = 1.0 mL/min. 

Analytical Method B (water + ACN + 0.1% TFA): 0-20 gradient 7% to 50% ACN 

+ 0.1% TFA, 20-25 min gradient 50% to 7% ACN + 0.1% TFA, 25-35 min 

isocratic 93% water + 7% ACN + 0.1% TFA. Flow rate = 1.0 mL/min. 



 134 

 Analytical HPLC analyses of enzymatic reactions were performed on an 

Agilent model 1200 equipped with a multi-wavelength UV-Vis detector in 

conjunction with a reverse-phase Phenomenex Luna 5u phenyl/hexyl analytical 

column (250 x 4.60 mm ID). water + ACN + 0.1% TFA:  0-5 min isocratic 93% 

water + 7% ACN +0.1% TFA, 5-22 min gradient 7% to 50% ACN + 0.1% TFA, 

22-25 min gradient 50% to 7% ACN + 0.1% TFA, 25-35 min isocratic 93% water 

+ 7% ACN + 0.1% TFA. Flow rate = 1.0 mL/min.  

 DNA sequencing of PCR-amplified fragments was conducted at the Johns 

Hopkins Core Sequencing Facility. Restriction enzymes and DNA ligase were 

purchased from New England Biolabs (Ipswich, MA). DNA polymerase was 

purchased from Agilent Technologies (Santa Clara, CA) Subcloning vector 

pCRBlunt-TOPO was purchased from Invitrogen (Grand Island, NY). The 

pET28b expression vector and Rosetta 2 cells were purchased from Novagen 

(Darmstadt, Germany). 

 

3.4.2 Cloning and protein purification 
 
Cloning, expression and purification of NocTE. Cloning of the intact gene into 

an expression vector was achieved by PCR amplification of the desired TE 

monodomain fragment from a pET28b construct containing a PCP5-TE insert. 

This template was PCR amplified with Herculase II (New England Biolabs) using 

the following oligonucleotide primers (underlined: restriction site): forward: 5’-

GGGATACATATGGTCGAGGGCTCCGGGTC-3’ and reverse: 5’-

GGATAAAGCTTTCACCGCTCTCCTCCCAG-3’. The PCR products were 
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subcloned into a pCRBlunt-TOPO vector (Invitrogen) and verified to be the 

desired insert through sequencing (JHU Core Sequencing Facility). The 

pCRBlunt-PCP-NocTE construct was digested with NdeI and HindIII (NEB) and 

ligated with T4 DNA ligase (NEB) into a similarly digested pET28b (Novagen) 

vector to create an N-terminal 6x-His tagged expression construct. The 

NocTEpET28b plasmid was transformed into Rosetta 2 cells (Novagen) and 

plated onto Luria-Bertaini (LB)-agar containing 50 μg/mL kanamycin and 50 

μg/mL chloramphenicol and incubated at 37 °C overnight. One colony per starter 

culture was selected and grown at 37 °C at 200 rpm overnight in 10 mL LB media 

supplemented with 50 μg/mL kanamycin and 50 μg/mL chloramphenicol. One 

liter of 2XYT media containing 50 μg/mL kanamycin and 50 μg/mL 

chloroamphenicol was inoculated with 10 mL of starter culture and cells were 

grown at 37 °C to an OD600 of 0.6-0.8. The temperature of the culture was 

reduced to 18 °C, 1 mM isopropyl α-D-thiogalactopyranoside (IPTG) was added 

and the culture was grown for 18 h.  

 The cells were harvested by centrifugation (5,000 x g, 15 min, 4°C) and 

stored at -80 °C. Cells were thawed in lysis buffer (50 mM phosphate, 300 mM 

NaCl, pH 8.0) and disrupted by sonication (60% amplitude, 9 sec on/off, 3 min) 

on ice. Cell debris was removed by centrifugation (25,000 x g, 30 min, 4 °C) and 

the clarified cell lysate was incubated with 2 mL of 50% suspension/L of cell 

culture of cobalt TALON® metal affinity resin (Clontech) for 1-2 h at 4 °C in a 

batch-binding format. The resin was pelleted (750 x g, 4 °C) for 10 min and 

resuspended in a minimal volume of lysis buffer. The suspension was then 
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loaded into a gravity column and washed with lysis buffer. The desired protein 

was then eluted with a stepwise gradient of imidazole (20-300 mM) in lysis buffer. 

Fractions containing the purified protein, as determined by SDS-PAGE with 

Coomassie staining, were pooled and dialyzed against 2 x 3 L of assay buffer, 

pH 7.5. Protein concentrations were quantified by Bradford assay.  

 

PCP5-TE-pET28. This construct was obtained from PCR amplification of a 

cosmid containing the entire nocardicin NRPS gene cluster.10 This template was 

PCR amplified with Herculase II Fusion DNA polymerase by using the following 

oligonucleotide primers (underlined: restriction site):  

forward: 5’- GCGTAACATATGGGCGAGCTGGTGGTGCTCGACGCG-3’ and  

reverse: 5’-GTAAGCGGCCGCTCACCGCTCTCCTCCCAGCGCGCGGCG-3’. 

The PCR products were subcloned into pCRBlunt-TOPO and sent for 

sequencing. The pCRBlunt-PCP4-TE construct was digested with NdeI and NotI 

and ligated with T4 DNA ligase into a similarly digested pET28b vector to create 

an N-terminal 6x His-tagged expression construct. 

 

PCP5-TE*S1779A-pET28b. The gene for the full-length PCP-TE didomain 

containing a serine to alanine mutation in the catalytic triad of the TE domain was 

constructed by Splicing by Overlap Extension (SOE) mutagenesis42, using 

Herculase II DNA polymerase. In the first round of PCR amplification, PCP5-TE-

pET28b was used as template in a reaction with the following oligonucleotide 

primers (underlined: restriction site, bold: mutation):  
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forward: 5’-GCGTAACATATGGGCGAGCTGGTGGTGCTCGACGCG-3’  

reverse: 5’-CGCCGCCGAAGGCCCAGCCGCCG-3’ 

forward: 5’-CGGCGGCTGGGCCTTCGGCGGCG-3’ 

reverse: 5’-GTAAGCGGCCGCTCACCGCTCTCCTCCCAGCGCGCGGCG-3’.  

The products of the first round of PCR were combined, ligated and amplified in a 

second round of PCR amplification with the following oligonucleotide primers:  

forward: 5’-GCGTAACATATGGGCGAGCTGGTGGTGCTCGACGCG-3’  

reverse: 5’-GTAAGCGGCCGCTCACCGCTCTCCTCCCAGCGCGCGGCG-3’.  

The PCR product was subcloned into pCRBlunt-TOPO and sequenced. The 

pCRBlunt-PCP5-TE*S1779A mutant construct was digested with NdeI and NotI 

and ligated with T4 DNA ligase into a similarly digested pET28b vector to create 

an N-terminal 6x His-tagged expression construct.  

 

TES*1779A-pET28b construct. Cloning of the intact gene into the expression 

vector was achieved by PCR amplification of the desired TE mono domain 

fragment from the PCP5-TE*S1779A-pET28b construct with Herculase II by using 

the following oligonucleotide primers (underlined: restriction site):  

forward: 5’-GGGATACATATGGTCGAGGGCTCCGGGTC-3’  

reverse: 5’-GGATAAAGCTTTCACCGCTCTCCTCCCAG-3’.  

The PCR products were ligated into pCRBlunt-TOPO and sequence verified. The 

pCRBlunt-TE construct was digested with NdeI and HindIII and ligated with T4 

DNA ligase into a similarly digested pET28b vector to create an N-terminal 6x 

His-tagged construct. 
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TE*S1779C-pET28b construct. This construct was created analogously to the 

PCP5-TE*S1779A-pET28b construct by SOE mutagenesis using the wild-type 

TE-pET28b plasmid as the template and the following two sets of primers for the 

first round of PCR amplification (underlined: restriction site, bold: mutation):  

forward: 5’-GGGATACATATGGTCGAGGGCTCCGGGTC-3’  

reverse: 5’-CGCCGCCGAAGCACCAGCCGCCG-3’  

forward: 5’-CGGCGGCTGGTGCTTCGGCGGCG-3’ 

reverse: 5’-GGATAAAGCTTTCACCGCTCTCCTCCCAG-3’  

The products of these two reactions were combined, ligated and PCR amplified 

with the following oligonucleotide primers:  

forward: 5’-GGGATACATATGGTCGAGGGCTCCGGGTC-3’  

reverse: 5’-GGATAAAGCTTTCACCGCTCTCCTCCCAG-3’.  

The PCR product was subcloned into pCRBlunt-TOPO and sequenced. The 

pCRBlunt-TE*S1779C mutant construct was digested with NdeI and HindIII and 

ligated with T4 DNA ligase into a similarly digested pET28b vector to create and 

N-terminal 6x His-tagged construct.  

 

PCP5-TE, PCP5-TE*S1779A, TE*S1779A, and TE*S1779C. All proteins were 

purified analogously to the procedure outlined for the isolation and purification of 

NocTE. 

3.4.3 Syntheses 
 
Synthesis of substrates 5-10 and 12. Syntheses of peptidyl-pantetheine, 
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peptidyl-SNAC, were conducted as described previously.26 Syntheses of 11, 

peptidyl-S-CoA and peptidyl-S-PCP5-TE are described below. 

 

 

 

 

 

 

17 

N-tert-Butyloxycarbonyl-L-alanyl-L-[p-(benzyloxy)phenyl]glycine Benzyl 

Ester (17). To a 250 mL round-bottomed flask equipped with a magnetic stir bar, 

Boc-L-Ala (2.0 g, 10.57 mmol) and DIEA (1.37 mL, 10.57 mmol) was dissolved in 

30 mL of freshly distilled DCM and 10 mL of reagent grade DMF and cooled to 

0 °C in an ice-bath. In a separate flask benzyl-L-[p-(benzyloxy)phenyl]glycine 

toluenesulfonate26 (5.49 g, 10.57 mmol) was dissolved in 30 mL of reagent grade 

DMF and to this suspension was added DIEA (2.78 mL, 21.14 mmol) and cooled 

to 0 °C with an ice-bath. When both solutions had come to temperature, PyBOP 

(16.05 g, 11.63 mmol) was added to the flask containing Boc-L-Ala. After 1 min, 

the amine solution containing benzyl-L-[p-(benzyloxy)phenyl]glycine 

toluenesulfonate was added dropwise over 2 min to the activated carboxylic acid 

and the reaction mixture was allowed to stir at 0 °C to room temperature for 3 h. 

The solution was diluted with 200 mL of EtOAc and washed with sat. aq. NH4Cl 

(2 x 75 mL), sat. aq. NaHCO3 (2 x 75 mL) and brine (1 x 75 mL). The organic 

layer was concentrated in vacuo and purified by silica gel chromatography with a 

gradient of 30:70 EtOAc:Hex to 50:50 EtOAc: Hex over 3 L to obtain the product 
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as a white foam (4.44 g, 81%). 1H-NMR (400 MHz; DMSO-d6): δ  8.54 (d, J = 6.8 

Hz, 1H), 7.47-7.23 (m, 12H), 7.03 (d, J = 8.7 Hz, 2H), 6.96 (d, J = 7.8 Hz, 1H), 

5.40 (d, J = 6.8 Hz, 1H), 5.13 (s, 1H), 5.12 (s, 1H), 4.12 (app. quintet, J = 7.2 Hz, 

1H), 1.37 (s, 9H), 1.19 (d, J = 7.2 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6): δ  

173.4, 171.0, 158.8, 155.5, 137.5, 136.2, 129.6, 128.9, 128.8, 128.52, 128.46, 

128.3, 128.1, 128.0, 115.4, 100.0, 78.5, 69.7, 66.6, 56.2, 49.6, 28.7, 18.6. HRMS 

(FAB) calcd for C30H35N2O6
 519.24951; Found 519.24864 [M+H]+. 

 

 

 

 

 

18 

N-tert-Butyloxycarbonyl-D-[p-(benzyloxy)phenyl]glycyl-L-alanyl-L-[p-

(benzyloxy)phenyl]glycine Benzyl Ester (18). To a 250 mL round-bottomed 

flask equipped with a magnetic stir bar, 17 (2.00 g, 3.86 mmol) was dissolved in 

100 mL of a 1:3 DCM:TFA solution and stirred at room temperature for 30 min. 

The solution was concentrated in vacuo and residual TFA was removed by 

azeotropic distillation with toluene (2 x 75 mL) and placed under high vacuum for 

20 min.  

In a separate 250 mL round-bottomed flask equipped with a magnetic stir 

bar, N-tert-butyloxycarbonyl-D-p-(benzyloxy)phenyl]glycine26 (1.52 g, 4.25 mmol) 

and DIEA (0.74 mL, 4.25 mmol) were dissolved in 30 mL of reagent grade DMF 
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and cooled to 0 °C in an ice-bath. The freshly deprotected 17 was separately 

dissolved in 30 mL of reagent grade DMF, DIEA (1.34 mL, 7.72 mmol) was 

added and the solution was cooled to 0 °C in an ice-bath. When both solutions 

were sufficiently cooled, PyBOP (2.21 g, 4.25 mmol) was added to the flask 

containing N-tert-butyloxycarbonyl-D-p-(benzyloxy)phenyl]glycine. After 1 min the 

solution containing 17 was added drop wise over 2 min to the activated 

carboxylic acid and the reaction was allowed to stir 0 °C to room temperature for 

3 h. The reaction was diluted with 200 mL of EtOAc and washed with sat. aq. 

NH4Cl (2 x 75 mL), sat. aq. NaHCO3 (2 x 75 mL) and brine (1 x 75 mL). The 

organic layer was concentrated in vacuo and the product was purified by silica 

gel chromatography with a gradient of 40:60 EtOAc:Hex to 70:30 EtOAc:Hex 

over 3 L to afford the product as a white foam (2.19 g, 75%). 1H-NMR (400 MHz; 

DMSO-d6): δ  8.70 (d, J = 6.8 Hz, 1H), 8.32 (d, J = 7.3 Hz, 1H), 7.45-7.21 (m, 

19H), 7.15 (d, J = 8.4 Hz, 1H), 7.01 (d, J = 8.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 

5.38 (d, J = 6.8 Hz, 1H), 5.17 (d, J = 8.4 Hz, 1H), 5.11 (s, 4H), 5.07 (s, 2H), 4.36 

(app. quintet, J = 7.1 Hz, 1H), 1.36 (s, 9H), 1.13 (d, J = 7.1 Hz, 3H). 13C-NMR 

(101 MHz, DMSO-d6): δ  172.7, 170.9, 170.4, 158.8, 158.2, 155.2, 137.6, 137.4, 

136.2, 131.8, 129.7, 128.9, 128.8, 128.5, 128.3, 128.1, 128.0, 115.4, 114.9, 78.9, 

69.6, 66.6, 57.3, 56.4, 48.1, 28.6, 18.7. HRMS (FAB) calcd for C47H48N3O8
 

758.34414; Found 758.34233 [M+H]+. 

 

D-[p-(Hydroxy)phenyl]glycyl-L-alanyl-L-[p-(hydroxy)phenyl]glycyl-

pantetheine (11). To a 250 mL pressure flask, protected tripeptide 18 (568 mg, 

0.75 mmol) was dissolved in 20 mL of reagent grade THF and to this solution 
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was added a catalytic amount of Pd-OH/C. The mixture was vigorously shaken 

under 50 psi of H2 overnight on a Parr hydrogenation apparatus. The mixture 

was filtered through Celite, which was washed with 200 mL of THF and 

concentrated in vacuo to a white foam and used in the next step without further 

purification. 

To a 25 mL round-bottomed flask equipped with a magnetic stir bar, the 

freshly deprotected tripeptide was dissolved in 5 mL of reagent grade DMF. To 

this solution was added K2CO3 (291 mg, 2.27 mmol) and PyBOP (471 mg, 0.91 

mmol) followed by pantetheine dimethyl ketal26, and the reaction mixture was 

stirred at room temperature for 1 h. The solution was diluted with 35 mL of EtOAc 

and washed with sat. aq. NH4Cl (2 x 15 mL), sat. aq. NaHCO3 (1 x 15 mL) and 

concentrated in vacuo. The residue was redissolved in 2.0 mL of 1:1 ACN: H2O 

and purified according to Prep Method B as a mixture of diastereomers. The 

product was collected, frozen on dry ice and lyophilized to dryness. The 

lyophilized powder was dissolved in TFA for 10 min, concentrated in vacuo, re-

dissolved in 2 mL of 80:20 H2O:ACN with 0.1% TFA and purified by Prep Method 

B. The product was collected, frozen on dry ice and lyophilized to dryness to 

afford the product as the white TFA salt (199 mg, 41%). Isolation of 2 mg of 

diasteromerically pure material was achieved using Analytical Method A. 1H-NMR 

(400 MHz; D2O): δ  7.25 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 

8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 5.43 (s, 1H), 4.98 (s, 1H),  4.29 (q, J = 7.2 

Hz, 1H), 3.86 (s, 1H),  3.39 (d, J = 11.2 Hz, 1H), 3.31-3.21 (m, 4H) 3.27 (d, J = 

11.2 Hz, 1H),  2.99 (t, J = 6.2 Hz, 2H), 2.18-2.15 (m, 2H), 1.27 (d, J = 7.2 Hz, 3H), 
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0.79 (s, 3H), 0.76 (s, 3H). 13C-NMR (101 MHz, D2O): δ  201.6, 174.9, 174.6, 

173.7, 168.3, 157.1, 156.5, 129.9, 129.8, 129.71, 129.69, 126.2, 123.6, 117.8, 

116.3, 116.0, 114.9, 75.7, 68.4, 63.6, 56.0, 55.9, 49.8, 38.6, 38.4, 35.4, 35.1, 

28.1, 20.5, 18.5, 16.4. HRMS (ESI) calcd for C30H42N5O9S
 648.2698; Found 

648.2700 [M+H]+. 

 

D-[p-(hydroxy)phenyl]glycine-L-phosphoserine-L/D-[p-(hydroxy)-

phenyl]glycyl Coenzyme A (15a/b). To a 250 mL pressure flask, N-tert-

butyloxycarbonyl-D-[p-(benzyloxy)phenyl]glycine-L-tert-butylphosphoseryl-L-

benzyl-[p-(benzyloxy)phenyl]glycyl benzyl ester26 (77 mg, 0.10 mmol) was 

dissolved in 10 mL of reagent grade THF and to it was added a catalytic amount 

of Pd-OH/C and the flask was vigorously shaken under 50 psi of H2 for 12 h. The 

mixture was filtered through Celite, washed with 100 mL of THF, concentrated in 

vacuo to a white foam and used without further purification.  

 To a 10 mL round-bottomed flask equipped with a magnetic stir bar, the 

freshly hydrogenolyzed O-phosphoryl peptide (23 mg, 0.036 mmol) was added 

along with K2CO3 (34 mg, 0.243 mmol) in 1 mL of freshly distilled THF. To this 

mixture was added PyBOP (38 mg, 0.072 mmol). In a separate 5 mL vial, 

coenzyme A sodium salt (55 mg, 0.072 mmol) was dissolved in 1 mL of HPLC 

grade H2O. After 2 min, the coenzyme A solution was added to the flask 

containing pre-activated N-Boc-D-pHPG-L-tert-butylphosphoserine-L-pHPG and 

the reaction mixture was allowed to stir at room temperature for 30 min. The 

solution was quenched by the addition of 2 μL of TFA and the product was 

purified by HPLC Prep Method A as the Boc-protected intermediate. Fractions 
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containing the desired material were pooled, frozen on dry ice and lyophilized to 

dryness. The lyophilized powder was dissolved in 3 mL of anhydrous TFA and 

left to stand for 5 min. The TFA was removed in vacuo and the freshly 

deprotected product 15a/b was purified as a mixture of diastereomers by HPLC 

Prep Method A (4.5 mg, 10%). 1H-NMR (300 MHz; D2O): δ  8.57 (s, 1H), 8.28 (s, 

1H), 7.19 (d, J = 8.6 Hz, 2H), 7.07 (d, J = 8.6 Hz, 2H), 6.98 (d, J = 8.6 Hz, 2H), 

6.74 (d, J = 8.6 Hz, 2H), 6.12 (d, J = 5.4 Hz, 1H), 5.40 (s, 1H), 5.28 (s, 1H), 5.23 

(s, 1H), 5.21 (s, 1H), 4.61-4.56 (m, 1H), 4.51-4.46 (m, 1H), 4.22-4.15 (m, 2H), 

4.09-4.01 (m, 2H), 3.91 (s, 1H), 3.80-3.71 (m, 1H), 3.51-3.46 (m, 1H), 3.22-3.17 

(m, 4H), 2.95-2.87 (m, 2H), 2.12-2.07 (m, 2H), 0.82 (s, 3H), 0.67 (s, 3H). HRMS 

(ESI) calcd for C40H57N10O25P4S
 1233.2162; Found 1233.2145 [M+H]+. 

 

epi-Nocardicin G/ Nocardicin G-coenzyme A (16a/b). To a 10 mL round-

bottomed flask equipped with a magnetic stir bar, N-tert-butyloxycarbonyl-

nocardicin G26 (40 mg, 0.081 mmol) and K2CO3 (34 mg, 0.243 mmol) was 

dissolved in 1 mL of freshly distilled THF and to this was added PyBOP (52 mg, 

0.099). In a separate 5 mL vial, coenzyme A sodium salt (76 mg, 0.099 mmol) 

was dissolved in 1 mL of HPLC grade H2O. After 2 min, the coenzyme A solution 

was added to the flask containing pre-activated Boc-L-nocardicin G and the 

reaction mixture was allowed to stir at room temperature for 30 min. The reaction 

was quenched by the addition of 2 μL of TFA and the product was purified by 

HPLC Prep Method A as the Boc-protected intermediate. Fractions containing 

the desired material were pooled, frozen on dry ice and lyophilized to dryness. 
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The lyophilized powder was dissolved in 3 mL of anhydrous TFA and left to stand 

for 5 min. The TFA was removed in vacuo and the freshly deprotected product 

16a/16b was purified as a mixture of diastereomers by HPLC Prep Method A 

(12.0 mg, 13%). 1H-NMR (400 MHz; D2O): δ  8.56 (s, 1H), 8.29 (s, 1H), 7.20 (d, J 

= 8.7 Hz, 2H), 7.14 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 6.79 (d, J = 8.7 

Hz, 2H), 6.10 (d, J = 5.3 Hz, 1H), 5.55 (s, 1H), 4.96 (s, 1H), 4.81-4.78 (m, 1H), 

4.51-4.50 (m, 1H), 4.18-4.17 (m, 2H), 3.92 (s, 1H), 3.76-3.72 (m, 2H), 3.50-3.44 

(m, 1H), 3.30-3.28 (m, 4H), 3.19-3.14 (m, 1H), 3.03-2.99 (m, 2H), 2.27-2.26 (m, 

2H), 0.82 (s, 3H), 0.66 (s, 3H). HRMS (ESI) calcd for C40H54N10O21P3S
 

1135.2393; Found 1135.2351 [M+H]+. 

 

3.4.4 Assay conditions 
 
In vitro reconstitution of NocTE. To test the in vitro activities of NocTE or other 

mutant proteins, 1 mM of desired thioester substrate was added to a 300 μL 

solution containing 20 μM of freshly purified protein in 50 mM KiPO4 buffer, pH 

7.5. Reactions were incubated at room temperature for 3 h and acidified to pH 2 

with an aqueous solution of TFA. The enzyme was removed with an Amicon 

Ultra 0.5 ML 10 kMWCO centrifugal filter (EMD Millipore) and the flow through 

was directly analyzed. Product analyses were performed on an Agilent 1200 

HPLC equipped with a multi-wavelength UV-Vis detector in conjunction with a 

reverse phase Phenomenex Luna 5 μm phenyl-hexyl analytical column (250 x 

4.60 mm ID). Samples were separated by an isocratic 7% (v/v) CH3CN in water 

(0.1% (v/v) TFA) for 5 min at a flow rate of 1.0 mL/min followed by a linear 
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gradient 7-50% (v/v) CH3CN in water (0.1% (v/v) TFA) for 17 min, a linear 

gradient 50-7% CH3CN in water (0.1% (v/v) TFA) for 3 min and an isocratic 7% 

(v/v) CH3CN in water (0.1% (v/v) TFA) for 10 min.  

 

1H-NMR time course in D2O experimental procedure. NocTE was isolated, 

purified and dialyzed into 2 x 2 L of 20 mM NH3CO3 solution over 12 h at 4 °C. 

The protein was concentrated to 7 mL, flash frozen and lyophilized to dryness. 

Lyophilized protein was resuspended in 600 μL of 50 mM PO4, 25 mM NaCl, pD 

= 7.2 in deuterium oxide. Insoluble protein was removed by centrifugation and 

the protein was concentrated to 15 mg/mL. -Lactam-containing substrates 

12a/b (~1:1 12a:12b) were dissolved in 50 mM phosphate (tribasic), 25 mM NaCl, 

pD = 7.2 in deuterium oxide to a final concentration of 10 mM. The reaction was 

initiated by the addition of 1 μM of NocTE. Substrate turnover was monitored for 

3 h by 1H-NMR spectroscopy on a Varian 500 MHz spectrometer equipped with 

an inverse probe. Spectra were acquired at approximately 1/min, 1 

scan/spectrum. 

 

Determination of kinetic parameters of NocTE. Hydrolysis of SNAC-thioesters 

12a and 12b was followed spectrophotometrically by observation of the formation 

of 3-thio-5-nitrobenzoate (DNTB) at 412 nm (ε = 13,600 M-1 cm-1).43 Each assay 

contained 50 mM KiPO4, pH = 7.5, a variable amount of substrate, 1 μM of 

NocTE, 3 mM of DNTB dissolved in assay buffer, in a total volume of 60 μL. 

Stock solutions of 12a and 12b were dissolved in DMSO such that the desired 
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final concentration in the assay was achieved with the addition of 5 μL of DMSO 

substrate solution. The reactions were initiated by the addition of substrate and 

the rate of free thiol formation was observed continuously at an interval time of 

30 s. Rates of hydrolysis were calculated from the initial linear portion of the 

curves. In all cases, rates were corrected for the background rate of chemical 

hydrolysis in the absence of enzyme. The concentration range of the substrates 

analyzed was 0.1 to 20 mM. 

 

Determination of rate of epimerization of epi-nocardicin G-SNAC 12a to 

nocardicin G-SNAC 12b in the presence of TE*S1779A or TE*S1779C. To 

measure the rate of chemical epimerization of epi-nocardicin G-SNAC (12a) to 

nocardicin G-SNAC (12b), a 500 μL solution containing 1.0 mM 12a, 10 μM of 

either TE*S1779A or TE*S1779C in 50 mM KiPO4, pH 7.5 was prepared. 25 μL 

of the reaction solution was aliquoted into 15 μL of a 0.2 % TFA aqueous solution 

on ice at t = 1, 2, 5, 10, 15, 20, 30, 45, 65, 80, 120 and 180 min. Quenched 

reactions were analyzed by HPLC using analytical method B, monitoring 

absorption at 272 nm. The rate of chemical equilibrium (k1 + k2) was calculated 

by fitting the data to a non-linear one-phase decay curve.  

 

Loading of CoA substrates 15a/b and 16a/b onto PCP5-TE construct. In a 

total volume of 300 μL containing 10 mM MgCl2 and 50 mM HEPES pH 7.5, 100 

μM of the PCP5-TE construct and 150 μM 15a/b or 16a/b were combined. 

Reactions were initiated by the addition of 2 μM of Sfp and the reaction mixture 
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was allowed to incubate at room temperature for 45 min. The reactions were 

quenched with TFA to pH 2. Proteins were removed with an Amicon Ultra 0.5 ML 

10 kMWCO centrifugal filter (EMD Millipore, Billercia, MA). The filtrate was 

directly analyzed for the formation of product using HPLC Analytical Method A, 

monitoring absorption at 272 nm.  
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Chapter 4 

Structural Basis for the Selection and C-Terminal Epimerization 

of the Monocyclic -Lactam Antibiotic Nocardicin A by NocTE 
 

4.1 Introduction 

 A panoply of natural products of diverse medicinal utility are formed by 

large multimodular enzymes which coordinate product synthesis in an assembly 

line fashion. Some of these therapeutically useful metabolites include antibiotics 

and cholesterol-lowering drugs, produced by polyketide synthases (PKS). 

Additionally, nonribosomal peptide antibiotics of the -lactam class, including 

penicillin N, and glycopeptides, such as vancomycin and bacitracin, along with 

the immunosuppressant drug cyclosporin, are of medicinal importance. All of 

these nonribosomal peptide products are assembled at the peptide level by 

nonribosomal peptide synthetases (NRPSs). Still yet, there exists several 

polyketide-peptide hybrid metabolites such as the immunosuppressants FK506 

and rapamycin and the anticancer agent bleomycin and epothilone that are 

assembled on hybrid PKS/NRPS templates. 

 Although PKS and NRPS systems are classified differently, they are both 

organized with a similar chemical logic. This logic is used in acyl chain initiation, 

subsequent chain elongation and disconnection from the multimodular enzyme. 

Monomer units, typically such as amino acids for NRPS and acetate or 

propionate for PKS, are selected and incorporated as acyl/aminoacyl-S-enzyme 

intermediates on a carrier protein domain in each module. The reactive thiol 

group in each acyl carrier/peptidyl carrier protein domain is introduced as a 4’-
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phosphopantetheinyl arm by posttranslational modification by way of a dedicated 

phosphopantetheinyl transferase.3 Chain extension occurs as a series of 

translocations and elongation reactions of acyl/peptidyl-S-carrier protein 

intermediates. The chain elongation chemistry in each module occurs by C-C 

bond formation in PKS assembly and by C-N amide bond formation in NRPS 

templated synthesis. In the NRPS paradigm, chain initiation is carried out by 

amino acid selection and activation by an ATP-dependent adenylation (A) 

domain followed by transfer of the resulting aminoacyl adenylate to the 4’-

phosphopantetheinyl thiolate on a partner PCP to form an aminoacyl thioester 

(aa-S-PCP).4 These building blocks are ordered according to the sequence of the 

NRPS modules and oligomerized commonly through amide linkages by 

condensation (C) domains.5 Specialized domains located within the 

corresponding NRPS/PKS modules can further modify the acylated substrates. 

These transformations may include N-methylation, epimerization, oxidations, 

reductions or heterocycle formation.6    

 The chain-terminating thioesterase (TE) domains are 25-35 kDa protein 

moieties named for their homology to fatty acyl thioesterases, first observed in 

fatty acid biosynthesis machinery and then characterized in the hydrolysis of 

myristoyl-S-ACP in bacterial bioluminescence.7,8 These are variants of active-site 

serine hydrolases in which a His residue is required as general base and a Ser 

residue as catalytic nucleophile, producing a covalent acyl-O-Ser-TE from an 

acylthioester delivered by a carrier protein, which is then hydrolyzed in a second 

step.9,10 The TE domains for the thiotemplated PKS and NRPS assembly lines 
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show more catalytic versatility for transfer of the full length PK or NRPS acyl 

chain. While some of these TE domains are hydrolases, e.g., those for 

vancomycin, daunomycin, penicillin N and nocardicin A, others catalyze regio- 

and stereospecific macrolactonization or macrolactamization.11   

 

 
 

Figure 4.1 | Nocardicin A precursor biosynthesis by NocA and NocB. (a) 
The two genes nocA and nocB coding for the nocardicin synthetase subunits 
shown below the genes. Bars indicate the positions of the modules within the 
megasynthetase, whereas the domains are shown as individual colored circles. A 
= adenylation domain, PCP = peptidyl carrier protein, C = condensation domain, 
E = epimerization domain and TE = thioesterase domain. The 4’-
phosphopantetheinyl cofactors with their active thiol groups are shown with the 
corresponding peptides attached at their various synthesis stages. The growing 
peptide chain is passed from left to right, or N-terminus to C-terminus, until the 
linear product at the last PCP domain is epimerized and hydrolyzed by the NocB 
TE domain. (b) The SNAC (N-acetylcysteamine) acyl peptide mimic can be 
epimerized and hydrolyzed by the genetically excised NocTE domain to render 

the first -lactam precursor L-pHPG-L-Arg-nocardicin G (1) en route to nocardicin 
A. 
 

 Whether by macrocylization or simple hydrolysis, the acyl-S-carrier protein 

bond must be broken. Thus, at the end of PKS or NRPS assembly the TE 

releases the full-length chain. This domain must recognize and accept the 
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mature acyl chain product so that the assembly line does not become “stalled” 

with backed-up intermediates or erroneous extensions and ensure that 

incomplete chains are not indiscriminately hydrolyzed.     

 It has been shown time and again that genetically excised TE domains 

can function autonomously outside the context of the intact megasynthetase. The 

extracted TE domain of 6-deoxyerythronolide B synthase (DEBS) was one of the 

first examples a TE domain acting outside the context of its cognate module.12 

More recent examples include the in vitro reconstitutions of excised TE domains 

from tyrocidine synthetase (Tyc), gramicidin S synthetase (Grs), surfactin 

synthetase (Srf) and nocardicin synthetase (Noc).13-16    

 Nocardicin A (3), isolated from fermentation of Nocardia uniformis ssp. 

tsuyamanensis, is one of the most well studied monocyclic -lactam antibiotics 

discovered. This metabolite has demonstrated activity against gram-negative 

bacteria and -lactamase resistance.17 In addition to nocardicin A, several minor 

nocardicin metabolites have been isolated that differ in amine oxidation state and 

the presence or absence of an ether-linked homoseryl side-chain. Of particular 

note, nocardicin G (2), the simplest member of the nocardicin family and 

apparently derived from a tripeptide core having the D,L,D-stereochemistry, has 

been demonstrated to give intact incorporation into nocardicin A (3).18 In 2004 

the biosynthetic gene cluster of nocardicin A was isolated.19 This discovery has 

allowed for the characterization of many enzymes within the cluster through 

direct experimentation. Although the majority of the enzymes within the cluster 

have now been characterized and studied,20-24 those involved in the beginning 
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stages of peptide formation have remained elusive.    

 Prominent within the gene is a pair of NRPSs, NocA and NocB, which 

together comprise five modules (Figure 4.2). Recent work has unambiguously 

determined that all five modules of NocA and NocB are essential to antibiotic 

synthesis.25 This is a curious finding when considering the tripeptidyl core of the 

nocardicin family. Contrary to expectation and precedent, a stereodefined series 

of expected linear tri- and pentapeptidyl thioester substrates for the TE domain 

failed to undergo hydrolysis. Surprisingly, however, pre-formation of the 

monocyclic -lactam moiety within the pantetheinyl thioester substrates, present 

as either tripeptidyl (nocardicin G) or pentapeptidyl (“pro-nocardicin G) rapidly 

catalyzed turnover of NocTE.26 In addition to hydrolysis, NocTE also 

demonstrated significant epimerase activity with these -lactam containing 

substrates as previously described in chapter 3. Kinetic evaluation of NocTE 

revealed that the domain acts as a gatekeeper to hold the assembling peptide on 

an upstream domain until -lactam formation takes place and then rapidly 

catalyzes epimerization, not previously observed as a TE catalytic function, and 

thioesterase cleavage to discharge a fully fledged pentapeptide -lactam (1) 

harboring nocardicin G (2), the first -lactam-containing intermediate and 

universal precursor of the nocardicins.      

 To date, several structures of dissected TE domains have been solved27-29 

revealing that each have the common fold of /-hydrolases, such as esterases 

and lipases, and all harbor an active center containing a catalytic triad composed 

of serine, histidine, and aspartate. As a group, all /-hydrolase members 
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contain a histidine residue on loop 8-F (Figure 4.3a). However, while members 

of the /-hydrolase superfamily as a whole may utilize serine, threonine, 

cysteine or even aspartate as a nucleophile (Figure 4.3a), all of the known 

thioesterases use exclusively serine as the nucleophile residue. The serine is 

found on a loop between 5 and αC within a conserved GXSXG motif as 

demonstrated in the surfactin topology diagram in Figure 4.3b. The residue found 

immediately downstream of the catalytic nucleophile is implicated as part of the 

oxyanion hole via its backbone amide. The carboxylate residue used in the TEs 

is aspartate in all known cases.  

  

 

Figure 4.2 | NocNRPS product and intermediates en route to nocardicin A. 
NocA and NocB together synthesize L-pHPG-L-Arg-nocardicin G (1), a fully 

fledged pentapeptide -lactam harboring nocardicin G (2), the first and simplest 

-lactam containing intermediate and universal precursor of the nocardicins. 
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 The serine within the catalytic triad of TE domains is the site of tetrahedral 

intermediate formation, which is stabilized by an oxyanion hole on the way to the 

acyl-O-TE intermediate. This intermediate breaks down by nucleophilic attack by 

either a peptide internal nucleophile or by hydrolysis. How the active site is 

sufficiently isolated from water to catalyze cyclization rather than hydrolysis is 

unclear. However, a lid region consisting of a long helix protruding over the 

globular domain may adopt either an “open” conformation for substrate entry or a 

“closed” conformation for excluding water from the active site (Figure 4.4). This 

lid region is implicated in the inclusion or exclusion of water depending on the 

mechanism of product release. Regardless, the issue of substrate binding and 

efficient water exclusion can only be solved by elucidation of a suitable 

substrate/TE complex. 
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Figure 4.3 | Topology diagram comparison of /-hydrolases and the 
thioesterase domain of surfactin synthetase.27 (a and b) Schematic diagram 

of the general secondary structure of the /-hydrolase family of enzymes (a) 
and surfactin thioesterase domain (b) Sheets, blue arrows; helices, red cylinders. 
The positions of the three conserved catalytic triad residues are indicated. 
 

a 
 
 
 
 
 
 
 
 
 
b 
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Figure 4.4 | Structure of the dissected SrfTE domain from the terminal 
module of the surfactin synthetase SrfA-C.30 Overall, the TE shows a 

conserved /-fold with a lid region (light brown) that covers the / core (yellow) 
with an active site catalytic triad (Ser, His, Asp). The lid region is flexible and can 
adopt an open or a closed (shown) conformation. 
 
 

 Recent structural data on TE domains, especially those catalyzing the well 

dazzling macrocyclization reaction, have provided considerable insight into the 

molecular machinery of these /-hydrolases and understanding about the ability 

of TE domains to function as robust, portable macrocyclization catalysts in PKS 

and NRPS assembly lines. A full grasp of the ability of the C-terminal 

thioesterase domain of NocB to both select substrates containing a -lactam ring 

and catalyze C-terminal pHPG epimerization implicitly requires insight into its 

architecture.  

 Crystallization and structure determination of NocTE revealed the 

anticipated /-hydrolase architecture which contained the anticipated catalytic 
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triad (Ser, His, Asp). In close proximity to these catalytic residues, however, was 

an “extra” His that was speculated to confer the unique epimerase activity. 

Mutational analysis revealed that this “extra” histidine was not essential to 

epimerization activity and substrate turnover was only slightly perturbed. 

Mutation of both the Ser and His residue of the catalytic triad abolished NocTE 

activity entirely as expected. Crystal structure determination also reveals that 

preferred substrate binding of the L-pHPG- L-Arg-nocardicin G-SNAC substrate 

over the shorter nocardicin G-SNAC analog, may be rooted in increased 

hydrogen bonding and charge-charge interactions between the substrate binding 

pocket of NocTE and the external N-terminal dipeptide. High substrate gating 

and discrimination for a preformed -lactam ring (as opposed to a linear peptide) 

seems to have its origins in the recognition conferred by the lid region of the 

enzyme, which is unfortunately not visible in the substrate-free structure. Future 

substrate analogue soaking experiments may identify the residues that dictate 

discrimination between linear and -lactam containing peptides. The positioning 

of the -lactam-containing peptidyl phosphopanteinyl prosthetic group can be 

modeled in a convincing manner and serves as a starting point for informed 

considerations of the modes by which NocTE functions in the absence of inhibitor 

or substrate-bound structural information.  
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4.2 Results and Discussion 

4.2.1 Active site architecture of NocTE 
 

The NocTE domain is a globular protein of approximately 40 x 40 x 40 Å3, 

equipped with the anticipated active site residues containing the catalytic triad 

Ser1779, His1901 and Asp1806 (Figure 4.5). The protein was crystallized in the 

open conformation, and the lid is unresolved in the model generated. The 

unresolved lid region is indicated in Figure 4.5. 

 

Figure 4.5 | Structure of NocTE with lid region and catalytic residues 
highlighted. Left: ribbon representation of the monomer observed in the 
asymmetric unit. The N-terminal end of the protein is colored in blue, and the C-
terminal end is colored red. The disordered lid region is labeled. Right: The 
catalytic triad residues (Ser1779, His1901 and Asp1805) are rendered as ball 
and stick models in blue. 
 

 
  The active site seine residue, Ser1779, is found at the signature sequence 

GXSXG of the “nucleophile elbow” between strand 5 and helix C. The adjacent 

backbone amide group of Phe1780 forms the oxyanion hole that would be 

expected to stabilize the tetrahedral intermediate in acyl-O-TE formation and 
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breakdown. The catalytic base His1901 is located between strand 8 and helix 

F. The last residue of the triad, Asp1805, is located at the C-terminal end of 

strand 6, not in the turn between strand 8 and helix F as is found in typical 

/-hydrolases. These structural landmarks are summarized in Figure 4.6. 

Although unusual, such noncanonical positioning of the acid group has been 

observed in the active sites of a bacterial esterase31, human pancreatic 

lipases32,33 and other modular TEs27.  
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Figure 4.6 | Overall architecture of thioesterase domain of nocardicin 

synthetase. (a) Ribbon representation of NocTE; helices, magenta,  sheets, 
blue. Protein is in the “open” conformation with an unresolved lid region indicated 
with dashed lines. (b and c) Schematic diagram of the general secondary 

structure of the / hydrolase family of enzymes (b) and nocardicin thioesterase 
domain (c). Sheets, blue arrows; helices, magenta cylinders. The positions of the 
three conserved catalytic triad residues are indicated. 
 

a 
 
 
 
 
 
 
 
 
 
 
 
 
 
b 
 
 
 
 
 
 
 
 
 
 
 

c 
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 Further inspection of the active site of NocTE revealed an “extra” histidine 

residue, His1808, which was suspected to catalyze C-terminal pHPG 

epimerization (Figure 4.7). In the absence of a substrate bound, His residues 

spatially close to the active site were desirable targets of mutagenesis in order to 

establish whether or not they are involved in NocTE turnover, but more 

specifically in conferring epimerization activity. 

 

Figure 4.7 | NocTE active site with “extra” histidine highlighted. Ribbon 
diagram or NocTE active site with ball and stick models of catalytic triad (Asp1806, 
His1901 and Ser1779) a histidine residue, His1808, in close proximity. 
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4.2.2 Mutational analysis of NocTE. 
 

It was previously determined that C-terminal pHPG epimerization takes 

place as a peptidyl-O-TE intermediate and not at the peptidyl-S-PCP stage. This 

was unambiguously determined by comparison of the rates of spontaneous 

substrate epimerization in aqueous buffer with substrate epimerization in the 

presence of NocTE*S1779A, a mutant construct which has lost the ability to 

catalyze transacylation of the mature NRPS peptide form the thioester substrate. 

Incubation of the -lactam substrates epi-nocardicin G-SNAC (4) and nocardicin 

G-SNAC (5) with this mutant were carried out to measure the rate of C-terminal 

epimerization of the pHPG -center adjacent to a thioester. The rate of 

epimerization measured from these studies was similar to the rate of 

spontaneous epimerization, and both were measured to be ~3.0 x 10-2 min-1 

(Figure 4.8).26 For comparison, the rate of NocTE catalyzed conversion of epi-

nocardicin G-SNAC (4) to nocardicin G (2) was determined to be kobsE+H = 

24.5(7) min-1 with a Km = 4.2(3) mM. Simple calculation reveals that NocTE 

catalyzed epimerization is approximately 1,4000x faster than the spontaneous 

rate of epimerization. Moreover, it can be inferred that C-terminal pHPG 

epimerization is catalyzed on the peptidyl-O-TE intermediate as opposed to the 

peptidyl-S-PCP intermediate. This observation is a distinct from E and C/E 

domains, which are known to act on the peptidyl-S-PCP intermediates.34,35  
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Figure 4.8 | Mutational analysis of NocTE Ser1779. Schematic depiction of 
wild-type NocTE with substrates epi-nocardicin G SNAC (4) and nocardicin 
G SNAC (5). Wild-type incubation results in the exclusive formation of nocardicin 
G (2) at a kobsE+H = 24.5(7) min-1. A single Ser1779 to Ala (NocTE*S1779A) point 
mutation results in the abolishment of substrate turnover. The measured rate of 4 
to 5 epimerization is calculated to be equivalent to the measured rate of 
spontaneous 4 to 5 conversion in buffer, in the absence of the thioesterase.  
 

 

With NocTE catalyzed epimerization now known to occur on a covalently 

bound intermediate, as opposed to the carrier-protein bound thioester species 

which then may be visualized to be kinetically resolved by the enzyme, residues 

in close proximity to the active site that were not part of the catalytic triad were 

identified as likely suspects for their involvement in epimerization activity. In E 

and dual C/E domains, the carrier protein thioester linkage enables epimerization 

of the -center through stabilization of the carbanion generated. The pKa of an 

-hydrogen adjacent to a simple thioester is ~21 compared to a value of ~25 for 

the corresponding oxyester, as likely to be present in a TE domain.36 Interestingly, 
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the unique stereoelectronic properties of pHPG, specifically the benzylic position 

of the -hydrogen, provide further anion stabilization when that center is adjacent 

to a thioester. This thioester linkage lowers the pKa of the -hydrogen of pHPG 

by an additional 6-7 units37 when compared to a typical -amino acid adjacent to 

a thioester, and thus promotes uncatalyzed epimerization at that center at neutral 

pH. Additionally, this effect is further enhanced by a ~10-fold amplification of the 

exchange rate afforded by the adjacent preformed -lactam.38 

 His1808, an amino acid two residues immediately downstream of the 

catalytic Asp1806 in NocTE, was the most likely candidate responsible for the 

reversible deprotonation of the O-TE bound pHPG -center due to its relative 

proximity to the catalytic Ser1779 attachment site (~5.0 Å, Figure 4.7). Spatially, 

His1808 is located just before the lid portion of the enzyme, in the linker region 

between sheet 6 and helix D (Figure 4.7 and Figure 4.9). 

 

 

Figure 4.9 | NocTE topology map with His1808 highlighted. Schematic 
diagram of the general secondary structure of nocardicin thioesterase domain. 
The positions of the three conserved catalytic triad residues are indicated along 
with the “extra” His1808. 
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Mutational studies were conducted with three different TE variants in 

which His1808 was replaced with glutamine, asparagine and alanine 

NocTE*H1808Q, NocTE*H1808N and NocTE*H1808A respectively. The Gln and 

Asn variants were constructed in order to separately mimic the ε and δ nitrogens 

of the His1808 heterocycle. The Ala mutant, by contrast, was constructed for its 

relatively small steric size, possibly allowing for greater flexibility within the TE 

active site. Incubation of these three mutants with epi-nocardicin G-SNAC 4 

followed by HPLC analysis of the products released revealed little change in 

epimerization activity relative to the wild-type enzyme. Of the three mutant 

constructs, NocTE*H1808A showed the greatest amount of epi-nocardicin G (6) 

formation (Figure 4.10) when compared to the corresponding Asn and Gln 

mutants. NocTE*H1808A also had an overall greater amount of nocardicin G (2) 

formation than epi-nocardicin G (6) formation from a substrate that was enriched 

with the unepimerized diastereomer (~10:1 4:5) (Figure 4.10, top trace), which 

indicates that epimerization is still occurring. 
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Figure 4.10 | HPLC analysis of NocTE*H1808X with epi-nocardicin G-SNAC 
(4). Top: Overlay of HPLC traces of NocTE mutant variants H1808A, H1808Q 
and H1808N with 4. Peaks corresponding to 2 and 6 are indicated. HPLC trace 
of 4 shown at top demonstrates the stereopurity of the substrate used in the 
mutant experiments. Bottom: NocTE*H1808X reactions only, illustrating the 
relative amounts of epi-nocardicin G (6) produced as compared to the wild-type 
enzyme. The NocTE*H1808A construct produced the greatest relative amount of 
6. 
 

  

With residue His1808 now logically eliminated from the pool of candidate 

residues likely to catalyze C-terminal pHPG epimerization, the amino acids of the 

catalytic triad were next selectively mutated and examined. The single point 

mutant NocTE variants of the catalytic triad, NocTE*H1901A, NocTE*D1806A 
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and NocTE*S1779A, respectively, were incubated with 4 to observe any 

perturbation of epimerization activity. It was hoped that despite interfering with 

the concomitant deprotonation of the active site serine, that partial enzymatic 

activity would remain. If true, it might have been possible to observe residual 

disturbance in epimerization by the enzyme. A successful execution of this 

experiment would be evident by the presence of a higher ratio of epi-nocardicin 

G (6) to the nocardicin G (2) diastereomer upon incubation of epi-nocardicin G-

SNAC (4). Disappointingly, however, HPLC analysis revealed that assays 

conducted with 4 and the Ser1779A and His1901A mutants completely abolished 

substrate turnover (Figure 4.11). Experiments were also conducted with NocTE 

mutants His1901Q and His1901N with no observable difference.  

 

 

Figure 4.11 | HPLC analysis of NocTE* catalytic triad mutants with epi-
nocardicin G-SNAC (4). Overlay of HPLC traces of NocTE mutant variant 
D1806A, H1901A and S1779A reactions with 4. Peaks corresponding to 2 and 6 
are indicated. HPLC traces of NocTE wild-type (wt) and NocTE*H1808A are 
shown for comparison. 
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Experiments conducted with NocTE*D1806A and 4, on the other hand, 

resulted in the formation of the fully epimerized product 2 with virtually no 6 

present. Disruption of the catalytic aspartate residue only marginally affected 

catalytic turnover by the enzyme, as is evident in residual substrate 4 compared 

to the wild-type control (Figure 4.11). Of the six mutant constructs tested, 

NocTE*H1808A had demonstrated the greatest relaxed substrate specificity 

(Figure 4.12). Although this mutant construct contained the largest relative 

amount of unepimerized hydrolysis product 6, it still predominately produced the 

C-terminal pHPG epimerized product 2. This result indicates that epimerization 

was still catalyzed.  

 

Figure 4.12 | Comparison of NocTE* mutant constructs. Left: bar graph 
illustrating the relative amount of unepimerized 6 produced by the various 
mutants. Right: bar graph illustrating the total amount of product produced (total 
of 2 and 6) of the various engineered proteins, demonstrating overall relative 
turnover of 4. 
 

 

Additionally, only the mutant constructs NocTE*H1808A, H1808Q, 

H1808N and D1806A retained any appreciable level of catalytic turnover with the 
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NocTE*D1806A being the poorest of the four constructs (Figure 4.12). Mutation 

of His1901 and S1779 in the catalytic triad not surprisingly eliminated the ability 

of the enzyme to process substrate 4. Although the biochemical data is not 

conclusive with respect to the residue responsible for epimerization activity, 

structural data along with previously measured kinetic data suggests that 

epimerization is catalyzed within the active site of the thioesterase. By extension, 

His1901 is most likely to be responsible for both deprotonation of the active site 

serine nucleophile to which the substrate is attached and for catalyzing 

subsequent peptidyl-O-TE epimerization. 

4.2.3 Initial substrate soaking within NocTE active site. 
 
 Attempts to soak soluble, N-acetyl ethylene diamine analogs of 4 and 5, 

compounds 7 and 8 depicted in Figure 4.13 below, into the active site of NocTE 

to obtain information about the NocTE-substrate complex were unsuccessful, as 

judged from differences in electron density maps acquired with native crystal 

data sets. This finding might be inevitable given the high KM value of 4.2 and 2.6 

mM respectively for the SNAC analogs 4 and 5 and the reliance on only non-

covalent interactions to “hold” the small molecule in place. 

 

Figure 4.13 | N-acetyl diamine analogs synthesized for soaking experiments 
with NocTE crystals. 
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 Accordingly, in the absence of a covalently bound substrate at the active 

site of NocTE, modeling studies were conducted to gain a deeper insight into the 

mechanism by which -lactam containing substrates are exclusively selected 

while analogous linear peptide substrates are discriminated against. Additionally, 

these studies were undertaken to investigate potential interactions that the N-

terminal L-pHPG-L-Arg dipeptide may have for NocTE, resulting in a greater 

affinity for the enzyme, as determined by competition experiments, when 

compared to epi-nocardicin G and nocardicin G itself. 

 One of the principle mechanisms by which TE domains control the ebb 

and flow of substrates into and out of the active site is through the opening and 

closing of a “lid” of the enzyme. Unfortunately, in the case of NocTE, the enzyme 

crystallized in the “open” form and the lid region of approximately 15 resides 

(including linkers) is unresolved (Figure 4.13). Without a substrate bound, this 

flexible lid region is likely disordered and waiting for the arrival of its substrate.  
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Figure 4.14 | Average B factor per residue of NocTE. Residues with low B 
factors are colored in blue/green; residues with high B factors are colored in 
red/orange. The regions of highest mobility are located in the unresolved loop 

which would correspond to L1-3 in the SrfTE structure. 
 

A crystal structure of SrfTE fortuitously captures both a “closed” and an 

“open” form in which the plastic lid region differs in fold and position between the 

two monomers.27 In the closed form, the region between strand 6 and helix L1, 

conceal the triad. In the open form, the active site is open to solvent and the 

catalytic triad is now exposed (Figure 4.15). By contrast, the structure of the 

fengycin NRPS TE is missing helix L1, seemingly being in a permanently open 

state, exposing a substrate crevice and a catalytic triad.39 It is postulated that the 

currently unresolved lid region of NocTE acts similarly to the way in which the 

SrfTE lid controls substrate-binding and product release.27 
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Figure 4.15 | SrfTE open and closed tertiary structures. The “closed” (left) 
and “open” (right) forms, respectively, of monomeric B. subtilis SrfTE domain 
from module 7 of SrfA-C. In the closed form, the substrate-binding bowl is still 
open to solvent, but the catalytic residues are closed off. The swinging up of one 
of the lid helices provides access to the catalytic serine. Highlighted in pink: lid 
region. Highlighted in blue: Asp, His and Ser of catalytic triad. 
 

 

4.3 Conclusions 

 TE domains function by catalyzing the release of mature, oligomerized 

peptide intermediates from the 4’-phosphopantetheinylarm of the most 

downstream carrier protein domain. The final release of the mature NRPS 

product may occur through simple hydrolysis of macrocyclization of the peptidyl-

O-TE bound intermediate. Sequence homology has indicated that both PKS and 

NRPS TE domains belong to the superfamily of /-hydrolases, with active site 

serine residues that act as catalytic nucleophiles to generate the canonical acyl-

O-TE covalent enzyme intermediates. The structure of the ~28 kDa TE domain 
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excised from the 207 kDa NocB presented here conforms to these structural 

precedents and posses the conserved triad of Asp, His and Ser residues.  

 The structure of NocTE in the asymmetric unit of the crystal was solved to 

date only in the open conformation with the lid region unresolved. The NocTE 

monomer observed is likely to be present in solution as the TE domain behaves 

as a monomer on gel filtration chromatography; the oligomerization state of NocB 

and the complete nocardicin synthetase remain to be established, but it is likely 

to also be monomeric based on other NRPS examples.40,41 The influence of 

upstream domains of NocB, particularly the immediate upstream donor PCP 

domain, on the TE domain conformation remains to be determined for NocTE in 

particular, but work done by other groups provide considerable insight into these 

interactions.42  

 The structure of a PCP-TE construct of Escherichia coli EntF was reported 

with a phosphopantetheinyl-linked inhibitor.42 The didomain structure is locked in 

an active orientation relevant to the chemistry of NRPS biosynthesis and this 

structure provides details into the interaction of phosphopantetheine arms with 

the PCP domain and the active site of the thioesterase domain.42 Using this 

structure as a reference point, we have been able to model the 20 Å-long 

phosphopantetheinyl arm attached to the pentapeptidyl -lactam containing 

compound 1 in a position to deliver the mature -lactam containing peptide to the 

TE active site. 

 The growing chain that arrives at the most downstream PCP domain in the 

module 5 subunit of the nocardicin synthetase assembly line is the fully-fledged, 
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pentapeptidyl--lactam containing chain shown in Figure 4.1. After the acyl chain 

is covalently transferred and docked in the TE active site the lid region of the 

enzyme is closed, epimerization takes place, most likely initiated by His1901, 

part of the catalytic triad, and hydrolysis and release of the product quickly 

ensues to regenerate the resting “open” conformation of the enzyme (Figure 

4.16). 

 

Figure 4.16 | NocTE catalyzed substrate turnover. Schematic depiction of 

PCP delivery of fully-fledged -lactam containing pentapeptide, enzyme acylation, 
epimerization and hydrolysis with corresponding changes in lid conformations. R 
= L-pHPG-L-Arg. 
 

  
Mutational work and structural determination have together illuminated 

several issues: first, it appears that no “extra” or special residues have evolved in 

the NocTE to confer its non-canonical epimerization activity. This finding is not 

surprising since enzymes with multiple functionalities in a single active site most 

often utilize the same machinery for each step. Previous work has firmly 

established that epimerization takes place on a TE bound intermediate, 

necessitating that residues involved in epimerization activities be spatially 

relevant to the active site. His 1808, not a member of the catalytic triad, was 

thought to be responsible for epimerization activity, but was demonstrated to 
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have minimal involvement. Mutation of this residue to Gln, Asn and Ala only gave 

phenotypes with marginally relaxed substrate specificity. As such, catalytic 

residue His 1901 was implicated as the cause of this stereochemical 

transformation.  

Like NocTE, other NRPS domains have been characterized to perform 

epimerization reactions in addition to their canonical functions. In comparative 

examples to nocardicin A, such as in the assembly of arthrofactin, syringomycin, 

syringopeptin and ramoplanin, it has been established that C domains in their 

corresponding NRPSs were responsible for catalyzing both epimerization and 

amide bond formation.35 Epimerization is known to occur in these dual C/E 

domains through non-covalent interaction with the aminoacyl-S-PCP or peptidyl-

S-PCP, by exploiting the -carbanion stabilizing properties of the adjacent 

thioester. This mechanisms is analogous to the mechanism through which E 

domains confer this activity. Unlike dual C/E and E domains, NocTE seemingly 

did not evolve additional motifs to account for its non-canonical function.  

Second, modeling studies suggest that specificity for the -lactam ring 

section is dictated by hydrogen bonding interactions with the lid region of the 

enzyme. Currently available crystallographic data did not yield to a structure with 

a fully resolved lid region and, as a result, these key interactions cannot be 

examined in further detail at this time. The conversion of disordered segments of 

the TE domain into ordered structures is expected to that define the active site 

microenvironment, the position of the C- center to be epimerized and the critical 
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-lactam ring interactions will most likely only be fully understood with a bound -

lactam containing substrate analog. 

Third, it was previously established from competition studies between 

nocardicin G-SNAC and L-pHPG-L-Arg-nocardicin G-SNAC that NocTE had a 

~20-fold preference for the pentapeptidyl -lactam-containing substrate. It was 

inferred from this biochemical result that since enzyme turnover, or kcat, was 

likely comparable between the tripeptidyl and pentapeptidyl substrates since the 

portion of the molecule where enzyme acylation, epimerization and hydrolysis 

occurs remains unchanged, preference for the pentapeptide is likely due to 

differences in substrate binding affinity, or, more precisely, the Km. Careful 

analysis of the pentapeptidyl -lactam harboring substrate may reveal a unique 

hydrogen bonding network that promotes a higher binding interaction between 

the substrate binding pocket of the enzyme and the incoming peptide.  

While the global architectural of NRPS and PKS TE domains may be the 

same, with a conserved catalytic inventory of Asp, His and Ser sidechains in the 

active site and a common acyl-O-Ser-enzyme intermediate, the 

microenvironments differ. For example, some TEs direct all the flux to hydrolysis, 

as in vancomycin and penicillin N biosynthesis, while others direct flux to 

macrocyclization. Even among TE domains that conduct peptidyl-O-TE 

disconnection through macrocyclization, different mechanisms by which this is 

achieved are known. For example, the TycC TE carries out head to tail 

cyclization of a decapeptidyl-O-TE intermediate to make a macrolactam, while 

the EntF TE domain cyclotrimerizes dihydroxybenzoylserine moieties to 
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enterobactin.11 The DEBS3 TE makes a 14-member macrolactone ring from the 

linear heptaketidyl-O-TE acyl enzyme, and that acyclic precursor has four 

hydroxyl groups that allow the TE to pre-organize a folded conformer for 

macrolactonization. 

The chemical re-engineering potential of many peptide antibiotics and 

other natural products of medicinal and biotechnological interest are often 

hindered by the lack of understanding of the enzymatic structural basis 

underlying their mechanism. In the case of nocardicin A biosynthesis, and 

possibly monobactam biosynthesis collectively, the thioesterase domain plays an 

important role in both stringent selection of -lactam containing substrates and 

the stereochemical control of the C- center. Rationally engineered variants of 

TE domains can pave the way for the semisynthetic production of altered 

monobactam substrates that may be designed to combat the ever-growing 

problem of resistant bacteria. The data presented here provide at least a basis 

for further experiments to elicit a detailed understanding of -lactam chemistry, 

furthering the biotechnological design of novel therapeutic entities. 

4.3.1 Future Direction 
 
 To more fully understand the mechanistic underpinnings through which 

the structure of the NocTE catalyzes C-terminal pHPG epimerization and 

selection for -lactam-containing substrates modeling studies of a 4’-

phosphopantetheinyl thioester of 1 will be pursued. In the absence of a 

covalently bound substrate, such modeling studies can further probe questions 

related to comparative substrate binding affinities, such as how the N-terminal 
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dipeptide alters the binding affinity of the pentapeptidyl vs. tripeptidyl -lactam-

harboring substrates as reflected in earlier competition studies. Also, these 

studies may shed light on the role His1901 plays in the epimerization reaction. 

Recent work conducted on an EntF PCP-TE didomain construct in which the 4’-

phosphopantetheine arm was successfully crystallized into the EntF TE active 

site42 will serve as a basis from which the desired substrate for NocTE can be 

modeled (Figure 4.17). 

 

Figure 4.17 | Crystal structure of the PCP-TE didomain of EntF with the 4’-
phosphopanteteine arm crystallized within the construct.42 Left: Global view 
of the holo-PCP-TE didomain from the termination module of the EntF NRPS. 
The 4’-phosphopantetheine arm that will be used as a basis for NocTE modeling 
studies is indicated. Right: Close up view of TE active site catalytic triad and 
spatial relationship to the 4’phosphopantetheine arm. 
 
  

Additional information can be obtained from a crystal structure of NocTE 

with a bound -lactam inhibitor. To achieve this end, an aldehyde analog of epi-

nocardicin G (6) should be pursued. Aldehydes have been successfully utilized in 

related / hydrolase enzymes, such as serine proteases, to effectively inhibit 

the enzyme through covalent modification.43 It is anticipated that soaks of NocTE 

crystals with an aldehyde inhibitor will generate a stable, covalent tetrahedral 
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addition complex with the active site serine. A bound substrate will likely result in 

the crystallization of the “closed” conformation of the enzyme where we 

speculate that upon substrate entry into the active site, the lid of the enzyme will 

“close” to organize the substrate for catalysis and hinder the entry of water. It is 

proposed that the route to such a compound mirror the strategy previously 

established for the synthesis of penicillin aldehyde derivatives.44 Soaking 

experiments of a -lactam containing aldehyde with native NocTE crystals is 

hoped to provide structural insight into the mechanism through which the lid 

region of the enzyme promotes the selection and high substrate gating of -

lactam-containing peptides.  

 

4.4 Experimental 

4.4.1 General Methods 
 
1H-NMR spectra were recorded on a Bruker Avance (Billerica, MA) 400 MHz 

spectrometer. Proton chemical shifts are reported in ppm (δ) relative to the 

solvent reference relative to TMS (D2O, δ 4.79 ppm). Data are reported as 

follows: chemical shift (multiplicity [singlet (s), doublet (d), triplet (t), quartet (q), 

and multiplet (m)], coupling constants [Hz], integration). High-resolution mass 

spectrometry (HRMS) was carried out on a hybrid Shimadzu ion trap-time of 

flight (IT-TOF) mass spectrometer with an electrospray ionization (ESI) interface. 

Column chromatography was carried out on Silica Gel 60 Merck (Whitehouse 

Station, NJ), 230-400 mesh ASTM. Reagents, solvents and chemicals were 

purchased from the Sigma-Aldrich Chemical Company (Milwaukee, WI) unless 
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otherwise noted and used without further purification. Pearlman’s catalyst (Pd-

OH/C) was purchased and used without further purification from Strem 

Chemicals, Inc. (Newburyport, MA).  

 

Preparative HPLC purifications were performed on an Agilent model 1100 (Santa 

Clara, CA) equipped with a multi-wavelength UV-Vis detector in conjunction with 

a reverse-phase Phenomenex Luna 10μ C18(2) 100 Å preparatory column (250 

x 21.20 mm ID). Mobile phase conditions included one of the following: Prep 

Method A (water + acetonitrile (ACN) +0.1% TFA): 0–5 min isocratic 13% water 

87% ACN + 0.1% TFA, 5-25 min gradient 13% to 50% ACN + 0.1% TFA, 25-30 

min 50% ACN to 13% ACN, 30-35 min isocratic 13% water 87% ACN + 0.1% 

TFA. Flow rate = 6.5 mL/min. 

 

Analytical HPLC analyses of enzymatic reactions were performed on an Agilent 

model 1200 equipped with a multi-wavelength UV-Vis detector in conjunction 

with a reverse-phase Phenomenex Luna 5u phenyl/hexyl analytical column (250 

x 4.60 mm ID). water + ACN + 0.1% TFA:  0-5 min isocratic 93% water + 7% 

ACN +0.1% TFA, 5-22 min gradient 7% to 50% ACN + 0.1% TFA, 22-25 min 

gradient 50% to 7% ACN + 0.1% TFA, 25-35 min isocratic 93% water + 7% ACN 

+ 0.1% TFA. Flow rate = 1.0 mL/min.  

 

DNA sequencing of PCR-amplified fragments was conducted at the Johns 

Hopkins Core Sequencing Facility. Restriction enzymes and DNA ligase were 
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purchased from New England Biolabs (Ipswich, MA). DNA polymerase was 

purchased from Agilent Technologies (Santa Clara, CA) Subcloning vector 

pCRBlunt-TOPO was purchased from Invitrogen (Grand Island, NY). The 

pET28b expression vector and Rosetta 2 cells were purchased from Novagen 

(Darmstadt, Germany). 

 

 

4.4.2 Crystallographic Conditions  

The C-terminal TE domain of N. uniformis NocTE (residues 1695-1923 in NocB) 

was expressed and purified as described previously26 with the addition of an 

anion exchange step conducted in a batch-binding process. The fractions 

containing purified NocTE, as determined by SDS-PAGE, were pooled and 

dialyzed against 2 x 3L 20 mM HEPES, pH 7.5. Automated crystal screening was 

performed by the University of Maryland Crystallography Core using an 

OryxNano (Douglas Instruments) with 10 μg/μL NocTE and solutions from 

Qiagen Classics Suite. Crystals were obtained by sitting-drop vapor diffusion 

against a reservoir solution containing 100 mM Bis-Tris (pH 5.5) and 1.8 M 

ammonium sulfate. One microliter of protein (12 mg/mL) and one microliter of 

reservoir solution were mixed and crystals grew at 22 °C in 2 days. Crystals were 

briefly soaked in reservoir solution supplemented with 12% glycerol, mounted in 

nylon loops and flash frozen with liquid nitrogen. Seleno-methionine derived 

NocTE was produced by a published procedure45 and treated similarly to the 

native prep of NocTE to obtain crystals. Multiwavelength anomalous diffraction 
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(MAD) data sets were collected on the X6A beamline at the National Synchrotron 

Light Source (Brookhaven, NY). 

 

4.4.3 Structure Solution and Refinement 
 
Phasing, structure solution and refinement was performed by Andrew R. Buller 

using the MAD method with Se-Met derivatized protein and then applied to non-

derivatized NocTE structure factors using Fourier synthesis. Data were 

processed in Collaborative Computational Project Number 4 (CCP4). Iterative 

rounds of manual building were performed in Coot using REFMAC5 for 

refinement. 

 

4.4.4 Site-Directed Mutagenesis  

Site-directed mutants of NocTE were constructed by the extension overlap 

method46, from pET28b/NocTE using the appropriate DNA primers for the 

desired mutant (Table 4.1 and Table 4.2). PCR reactions were initiated with 

addition of Herculase II DNA polymerase. The extension-overlap PCR products 

were ligated into linearized pET28b vectors to provide the TE domain mutants. 

The PCR product was subcloned into pCRBlunt-TOPO and sequence verified. 

The pCRBlunt-TE mutant constructs were digested with NdeI and HindIII and 

ligated with T4 DNA ligase into a similarly digested pET28b vector to create an 

N-terminal 6x His-tagged expression construct. 
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Primer Name Nucleotide Sequencea 

NocTE-NdeI 5’-GGGATACATATGGTCGAGGGCTCCGGG-3’ 
NocTE-HindIII 5’-GGATAAAGCTTTCACCGCTCTCCTCCCAG-3’ 

S1779A-F 5’-CGGCGGCTGGGCCTTCGGCGGCG-3’ 
S1779A-R 5’-CGCCGCCGAAGGCCCAGCCGCCG-3’ 

D1806A-F 5’-CTGCTGCTCGTCGCCAGCCACAACCTC-3’ 
D1806A-R 5’-GAGGTTGTGGCTGGCGACGAGCAGCAG-3’ 

H1808A-F 5’-GTCGACAGCGCCAACCTCAACGCC-3’ 
H1808A-R 5’-GGCGTTGAGGTTGGCGCTGTCGAC-3’ 
H1808Q-F 5’-GTCGACAGCCAGAACCTCAACGCC-3’ 

H1808Q-R 5’-GGCGTTGAGGTTCTGGCTGTCGAC-3’ 
H1808N-F 5’-GTCGACAGCAACAACCTCAACGCC-3’ 

H1808N-R 5’-GGCGTTGAGGTTGTTGCTGTCGAC-3’ 
H1901A-F 5’-GTGCCGGGCGCGGCCGAGCGGTTGTTC-3’ 

H1901A-R 5’-GAACAACCGCTCGGCCGCGCCCGGCAC-3’ 
H1901Q-F 5’-GTGCCGGGCGCGCAGGAGCGGTTGTTC-3’ 
H1901Q-R 5’-GAACAACCGCTCCTGCGCGCCCGGCAC-3’ 

H1901N-F 5’-GTGCCGGGCGCGAACGAGCGGTTGTTC-3’ 
H1901N-R 5’-GAACAACCGCTCGTTCGCGCCCGGCAC-3’ 

 

Table 4.1 | DNA primers used in to generate NocTE mutant constructs. 
aRestriction sites are underlined and mutation codon is in bold.  
 
 

 

construct 5’ primer 3’ primer 

NocTE*S1779A NocTE-NdeI 
S1779A-F 

S1779A-R 
NocTE-HindIII 

NocTE*D1806A NocTE-NdeI           
D1806A-F 

D1806A-R 
NocTE-HindIII 

NocTE*H1808A NocTE-NdeI           
H1808A-F 

H1808A-R 
NocTE-HindIII 

NocTE*H1808Q NocTE-NdeI          
H1808Q-F 

H1808Q-R            
NocTE-HindIII 

NocTE*H1808N NocTE-NdeI          
H1808N-F 

H1808N-R            
NocTE-HindIII 

NocTE*H1901A NocTE-NdeI          
H1901A-F 

H11901A-R             
NocTE-HindIII 

NocTE*H1901Q NocTE-NdeI          
H1901Q-F 

H11901Q-R             
NocTE-HindIII 

NocTE*H1901N NocTE-NdeI          
H1901N-F 

H11901N-R             
NocTE-HindIII 

 

Table 4.2 | PCR primer pairs used in construction of NocTE mutants. 
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4.4.4 Synthesis of Substrates 
 
Substrates 4 and 5 were synthesized as described previously.38 
 
 

Epi-nocardicin G N-acetyl ethylene diamine (7). To a 10 mL round bottom 

equipped with a magnetic stir bar, Boc-epi nocardicin G38 (48 mg, 0.10 mmol) 

was dissolved in 1.5 mL of DMF. To this solution was added PyBOP (62 mg, 

0.12 mmol) and K2CO3 (41 mag, 0.30 mmol) followed by N-(2-

aminoethyl)acetamide (12 mg, 0.12 mmol). The reaction was allowed to stir at 

room temperature for 1 h. The mixture was filtered through a 0.2 m filter and 

directly purified by HPLC prep method A. The Boc-protected product was purified 

over multiple injections, frozen and lyophilized to dryness. The lyophilized 

powder was treated with TFA for 10 min and the solvent was removed in vacuo. 

The yellow residue was re-suspended in 1 mL of a 9:1 H2O:ACN solution 

supplemented with 0.1% TFA and the desired product was purified by HPLC 

prep method A, frozen and lyophilized to dryness to yield a white TFA salt (26 mg, 

45%). 1H-NMR (400 MHZ, D2O):  7.27 (d, J = 8.7 HZ, 2H), 7.11 (d, J = 8.6 HZ, 

2H), 6.89 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 5.36 (s, 1H), 5.06 (s, 1H), 

4.59 (dd, J = 5.4, 2.4 Hz, 1H), 3.45 (dd, J = 6.1, 2.3 Hz, 1H), 3.39-3.35 (m, 4H), 

3.30 (t, J = 5.7 Hz, 1H), 1.83 (s, 3H). HRMS (ESI) calcd for C23H28N5O6 

470.2034; Found 470.2038 [M+H]+. 

 

Nocardicin G N-acetyl ethylene diamine (8). The title compound was prepared 

analogously to the synthesis described for compound 7 and was obtained was a 
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white TFA salt (24 mg, 42%). 1H-NMR (400 MHz; D2O): δ  7.27 (d, J = 8.7 Hz, 

2H), 7.11 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 

5.36 (s, 1H), 5.06 (s, 1H), 4.59 (dd, J = 5.4, 2.4 Hz, 1H), 3.45 (dd, J = 6.1, 2.3 Hz, 

1H), 3.39-3.35 (m, 4H), 3.30 (t, J = 5.7 Hz, 1H), 1.83 (s, 3H). HRMS (ESI) calcd 

for C23H28N5O6 470.2034; Found 470.2035 [M+H]+. 

 

4.4.5 Assay Conditions 
 
To test the in vitro activities of NocTE mutant proteins, 1 mM of epi-nocardicin G 

SNAC (4) was added to a 300 μL solution containing 20 μM of freshly purified 

protein in 50 mM KiPO4 buffer, pH 7.5. Reactions were incubated at room 

temperature for 3 h and acidified to pH 2 with an aqueous solution of TFA. The 

enzyme was removed with an Amicon Ultra 0.5 ML 10 kMWCO centrifugal filter 

(EMD Millipore) and the flow through was directly analyzed by HPLC, monitoring 

absorption at 272 nm. 
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Chapter 5 

Non-Ribosomal Peptide Synthetase Catalyzed -Lactam 
Cyclodehydration in Monobactam Antibiotic Biosynthesis 

 

5.1 Introduction 
 
 Non-ribosomal peptide synthetases (NRPSs) are large multimodular 

enzymes that catalyze the synthesis of linear, cyclic and branched cyclic 

peptides of diverse structures and a wide range of biological activities according 

to an assembly line, thiotemplated mechanism.1 Such peptide products can act 

as antibiotics (penicillin N, vancomycin and bacitracin), siderophores 

(enterobactin, vibriobactin and yersiniabactin) or immunosuppressants 

(cyclosporin, rapamycin and FK506). These enzymes are comprised of individual 

modules responsible for substrate recognition, modification and peptide bond 

formation that can be further subdivided into distinct catalytic domains. 

Each module of an NRPS contains a peptidyl carrier protein (PCP) domain 

that is post-translationally modified by coenzyme A-derived phosphopantetheine 

(P-pant) attachment catalyzed by a phosphopantetheinyl transferase.2,3 Chain 

initiation is carried out by amino acid selection and activation by an ATP-

dependent adenylation (A) domain followed by transfer of the resulting aminoacyl 

adenylate to the P-pant thiolate on a partner PCP to form an aminoacyl thioester 

(aa-S-PCP).4 These building blocks are ordered according to the sequence of the 

NRPS modules and oligomerized commonly through amide linkages by 

condensation (C) domains.5 Additionally, other editing domains may be present 

in NRPSs, for example those catalyzing L- to D- epimerization (E domains) and 
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N-methylation (M domains).6 The C-terminal module found in these 

megasynthetases typically contains a thioesterase (TE) as the most downstream 

domain, which catalyzes the disconnection of the full-length peptide product from 

its cognate PCP domain.1,7 

Cyclization of otherwise linear peptidyl precursors produced by NRPSs 

has been firmly established to be an important step in the biosynthesis of a 

panoply of cyclic peptides.8 Whereas bacterial NRPSs commonly utilize 

thioesterase domains to synthesize cyclic compounds, some fungal NRPSs have 

evolved the ability to perform such cyclizations by way of a terminal 

condensation-like domain.9 In both the TE and C domain examples of NRPS 

catalyzed cyclizations, the cyclizations are conducted on a peptide in which the 

N-terminal end is used as the nucleophile for disconnection of the peptidyl-O-TE 

intermediate to produce a macrocycle. This head-to-tail cyclization mechanism 

has been well documented throughout the NRPS literature in cases such as the 

bacterial TE catalyzed cyclization of the lactones surfactin and enterobactin, and 

the lactams gramicidin S and tyrocidine A.10 Of the verified fungal NRPS gene 

clusters to date, none of the NRPSs associated with cyclic non-ribosomal 

peptides contain either terminal TE domains or free-standing TE-like domains 

encoded in the vicinity of the gene cluster.11 Instead, TE domains have only been 

found to be associated with hydrolyzed peptide products such as the linear ACV 

tripeptide synthesized by the ACV synthetase. Each corresponding NRPS of 

macrocyclic fungal NRPSs such as cyclosporin A, aureobasidin A, apicidin and 

ferrichrome A terminates with a C domain, and it was determined that these 
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terminal condensation-like domains are essential for the cyclization of the 

aforementioned natural products.9  

Although head-to-tail peptide cyclization is the predominant mechanism by 

which NRPS systems can affect the bioactivity of a molecule through cyclization, 

a few examples of NRPS-associated tailoring enzymes have been observed. 

These tailoring enzymes, which modify aminoacyl-S-PCP intermediates both in 

trans and in cis, have been observed to confer carry out amino acid cyclization at 

the level of an internal building block.6 In the case of the biosynthesis of 

coronatine, a hybrid non-ribosomal peptide-polyketide leaf toxin containing a 

coronamic acid (CMA) unit, a cyclopropyl amino acid, two auxiliary proteins 

(CmaB and CmaC) recognize an L-allo-Ile-S-PCP intermediate in trans, and 

execute cyclopropyl ring formation (Figure 5.1). CmaB, a member of the non-

heme Fe2+, α-ketogluterate-dependent enzyme superfamily, first chlorinates the 

γ-position of the PCP-bound L-allo-isoleucine. CmaC catalyzes the formation of 

the cyclopropyl ring from the γ-Cl-L-allo-isoleucine product of the CmB reaction 

(Figure 5.1). Collectively, CmaB and CmaC carry out γ-halogenation followed by 

intramolecular γ-elimination, in which biological chlorination is a cryptic strategy 

for cyclopropyl ring formation.12 

 

Figure 5.1 | Biosynthesis of CMA and coronatine. a) The biosynthesis of 
coronatine from L-allo-Ile. b) The generation of CMA-S-PCP from L-allo-Ile-S-
PCP. 

a              b       
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More common chemical modifications performed on NRPS-bound 

elongating peptide chains are in cis heterocyclizations of cysteine and 

serine/threonine residues to thiazoline and oxazoline five-membered ring 

heterocycles, respectively. These heterocycles alter the residue connectivity 

patterns and provide both metal-chelating and intercalating groups to the 

modified peptides.6 The cyclization (Cy) domains responsible for their formation 

are variants of the C domains. Biochemical studies have demonstrated that Cy 

domains first catalyze peptide bond formation followed by the cyclization of the 

thiol sidechain residue of cysteine or the hydroxyl sidechain residue of serine or 

threonine onto the newly formed peptide bond.13 This sidechain to amide 

backbone cyclization forms the thiohemiaminal or hemiaminal intermediates that 

are then dehydrated to yield the C=N bond in the thiazoline and oxazoline rings 

respectively (Figure 5.2).13  
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Figure 5.2 | Formation of five-membered heterocycles. Formation of 
thiazoline and oxazoline heterocyclic rings from cysteine and threonine 
precursors. The Cy domain performs three functions: amide bond formation, 
cyclization and dehydration. ArCP = Aryl-carrier protein. 
 

Tailoring catalytic domains, in cis or in trans, catalyze redox adjustments 

of the heterocycles by both two-electron oxidation to the thiazole and two-

electron reduction to the tetrahydro thiazolidine (Figure 5.3). For example, the 

two-electron oxidation of thiazoline to thiazole in the epothilone synthase hybrid 

PKS/NRPS cluster is likely to be catalyzed in cis by an FMN-containing oxidase 

domain in the EpoB subunit. A corresponding in cis flavoprotein domain also 

exists in the bleomycin NRPS complex.14,15 An example of a two-electron 

reduction can be found in the PchG subunit of the pyochelin NRPS assembly line. 

The PchG subunit is an NADPH dependent reductase that operates in trans on 

the thiazolinyl-S-PchF acyl enzyme and reduces it to the thiazolidinyl-S-PchF 
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bound intermediate.16 PchG is a stand-alone enzyme that acts upon the 

thiazoline substrate while the latter is covalently tethered to the NRPS. 

 

 

Figure 5.3 | Adjustment of the oxidation state of heterocyclic rings by a 
reductase or oxidase. a) In pyochelin synthetase, the second ring is reduced 
from the thiazoline to the thiazolidine by the NDAPH-dependent reductase 
enzyme PchG, a stand alone protein. b) In epothilone synthetase, an FMN-
dependent embedded oxidase domain is proposed to oxidize and aromatize the 
thiazoline ring to the thiazole.  
 

 While many examples of NRPS catalyzed cyclizations have been 

documented recently, the mechanism by which -lactam formation occurs in 

nocardicin A may is unclear. Although the NocTE characterization experiments 

described in previous chapters of this thesis revealed that the TE was not 

responsible for cyclodehydration, important conclusions regarding the timing and 

potential pathways to account for -lactam formation were logically deduced. 

First, although the TE was incapable of catalyzing -lactam ring formation even 

with suitable seryl O-activated substrates, it was unambiguously demonstrated 

that -lactam formation preceded TE O-acylation, C-terminal pHPG epimerization 

and hydrolysis. By extension, -lactam ring formation must occur on a peptidyl-S-

a           b 
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PCP bound intermediate. Second, since a NRPS-bound intermediate is 

unequivocally the immediate substrate prior to cyclodehydration, the enzyme or 

enzymes responsible for the catalysis of this chemical transformation must be 

either encoded in module 5 of NocB, from which the amide nitrogen incorporated 

into the -lactam ring of nocardicin A logically must arise, or the enzyme 

responsible for -lactam ring formation must be a NRPS-associated tailoring 

enzyme, functioning in trans to the PCP bound intermediate.   

 The mechanism through which -lactam cyclization occurs in the 

monobactam class of antibiotics has been cloaked in mystery since their first 

report in 1978.17 Nocardicin A, isolated from fermentation of Nocardia uniformis 

ssp. tsuyamanensis, is a monocyclic -lactam antibiotic that confers both modest 

activity against gram-negative bacteria and -lactamase resistance.18 In addition 

to nocardicin A, several minor nocardicin metabolites have been isolated that 

differ in amine oxidation state and the presence or absence of an ether-linked 

homoseryl side-chain. Of particular note, nocardicin G (1), the simplest member 

of the nocardicin family and apparently derived from a tripeptide core having the 

D,L,D-stereochemistry, has been demonstrated to give intact incorporation into 

nocardicin A (2, Figure 5.4).19 Earlier studies demonstrated that the -lactam ring 

of nocardicin A is derived from L-serine, that no change in oxidation state occurs 

at the seryl -carbon,20 and that clean stereochemical inversion is observed at 

this center (Figure 5.4).21 With partial overall retention of the seryl -hydrogen, 

the simplest interpretation of these data, assuming the intermediacy of a peptide 
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precursor, is intramolecular nucleophilic displacement (SNi) of an activated seryl 

hydroxyl in an amide-containing precursor.  

 

Figure 5.4 | Stereochemical course of -lactam formation and intact 
incorporation of nocardicin G into nocardicin A. 

 

Additionally recent in vivo knock-out experiments of the flanking N-

terminal and C-terminal genes of the biosynthetic gene cluster of nocardicin A, 

clearly defined the boundaries of the cluster.22 Other than the two NRPSs open 

reading frames, every other enzyme in the cluster has been characterized 

through a mixture of bio-informatic, in vivo and in vitro experiments.23-27 Despite 

the fact that nocardicin A (2) is comprised of only the tripeptidyl precursor 

nocardicin G (1), recent experiments have established that all five modules of the 

NRPS enzymes NocA and NocB encoded in the pathway are required for 

antibiotic synthesis, and in accord with the prevailing co-linearity model of NRPS 

function, an L,L,D,L,L-pentapeptide was predicted to be synthesized comprised of 

amino acids whose identities have been unambiguously determined 

experimentally.28 It was discovered, through a stereodefined series of potential 

peptide substrates for the nocardicin TE domain, that the NRPS did not produce 

a linear peptide. This finding was unexpected. The prejudices against linear 

peptide intermediates that conformed to the co-linearity model of the NRPS were 

spectacularly overcome by prior monocyclic -lactam formation at an L-seryl site. 
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It was found that pantetheinyl thioesters containing a C-terminal epi-nocardicin G 

moiety were excellent substrates for the TE domain, which successively 

catalyzed both C-terminal epimerization and hydrolysis. Further competition 

experiments between -lactam harboring tripeptidyl and pentapeptidyl substrate 

revealed that the pentapeptidyl analogs of the epi-nocardicin G substrates, in 

which an N-terminal L-pHPG-L-Arg was present, were the most rapidly 

consumed substrates. As such it was concluded that the TE domain acts as a 

gatekeeper to hold the assembling peptide on an upstream domain until -lactam 

formation takes place and then rapidly catalyzes epimerization and hydrolysis to 

discharge a pentapeptide -lactam (3) harboring nocardicin G (Figure 5.5). The 

N-terminal L-pHPG-L-Arg dipeptide, incorporated by module 1 and 2 respectively, 

of this “pro-nocardicin G” NRPS product is likely proteolyzed to 1 which initiates 

the late-stage chemical modification en route to 2 (Figure 5.5). 
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Figure 5.5 | NocNRPS synthesis of "pro-nocardicin G". NocA and NocB 
together house five modules, which activate L-pHPG, L-Arg, L-pHPG, L-Ser and 
L-pHPG from module 1 through 5 respectively. The NocNRPS synthesizes the 

first -lactam containing intermediate, L-pHPG-L-Arg-nocardicin G (3) containing 
a L,L,D,L,D stereochemistry. This “pro-nocardicin G” NRPS product may then be 
proteolyzed to the tripeptidyl nocardicin G (1) which then is modified through a 
series of enzymatic transformations to nocardicin A (2). 
 
 

 Although it was previously determined that the TE domain is not likely 

catalyzing -lactam ring formation, important conclusions regarding the timing of 

cyclodehydration were logically extracted. Since it is known that -lactam ring 

formation precedes hydrolysis from the NocNRPSs, it was inferred that the -

lactam ring is formed on an intermediate covalently bound to the NRPS. The 

most compelling possibility for cyclodehydration catalysis implicates the 

involvement of an unidentified auxiliary enzyme encoded outside the boundaries 

of the nocardicin gene cluster. Such an enzyme could potentially act in trans with 

the NocNRPS.  
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In bacteria, antibiotics are often made as families of closely related 

compounds and their biosynthesis are grouped together into large gene clusters 

on a chromosome. Despite this common logic for DNA organization, examples of 

split gene clusters in bacterial systems have been observed. For example, in 

Streptomyces clavuligerus, three groups of genes in three separate locations of 

the chromosome, are known to be involved in the biosynthesis of the clavam 

metabolites29 while genes involved in the related clavulanic acid biosynthetic 

pathway are also divided among three different open reading frames.30,31 Given 

this precedence, it seemed likely that an NRPS-associated enzyme or cluster of 

enzymes was involved in the biosynthesis of the -lactam ring of nocardicin A.   

Although rare in the literature, examples of NRPS “crosstalk” between two 

or more gene-clusters are also known. For example, two separate gene clusters 

are responsible for the biosynthesis of the siderophore erythrochelin.32 Still yet, 

examples of NRPS-associated auxiliary enzymes have been characterized, as 

described earlier in the biosynthesis of the cyclopropyl ring present in CMA.12 

Altogether, NRPS-associated tailoring enzymes are typically invoked to carry out 

chemical transformations that canonical NRPS domains are incapable of 

transpiring themselves.  These in trans tailoring enzymes can catalyze reactions 

including oxidations and reduction and halogenations.6  

 Apart from the assistance of an NRPS-associated “helper” protein, 

another possibility for azetidinone formation is that the NocNRPS autonomously 

conducts cyclodehydration in cis from a peptidyl-S-PCP intermediate. Such an 



 210 

occurrence would presumably occur in module 5 since it is the C-terminal pHPG 

nitrogen that is required for -lactam ring formation.  

 To identify the mechanism through which -lactam ring closure is 

catalyzed in nocardicin biosynthesis, both pathways were explored independently. 

To address the potential role that NocB may serve in catalyzing azetidinone 

synthesis, the activity of module 5 was reconstituted in vitro. Both pantetheinyl 

and peptidyl-S-PCP4 substrates were prepared and used in experiments with 

holo-module 5 supplemented with L-pHPG and ATP, and the unbound products 

of the reactions were analyzed. Contrary to expectation and precedent, it was 

unambiguously determined that a domain in module 5 was responsible for 

construction of the -lactam ring, and, by extension, a new strategy by which -

lactam antibiotics are biosynthesized was discovered. 

  

5.2 Results and Discussion 

5.2.1 In vitro reconstitution of module 5 activity 

To probe the potential -lactam ring synthesizing ability of the nocardicin 

NRPSs, the C-termination module was excised, over-expressed and isolated in 

high purity by affinity chromatography as its N-terminal 6x-His tag fusion 

construct. Module 5 was reconstituted in vitro and supplemented with various 

pantetheine, N-acteylcysteamine (SNAC) and peptidyl-S-PCP substrates to 

mimic the upstream modular assembly of a putative peptide thioester 

intermediate presented to module 5 (Figure 5.6). These peptidyl thioesters were 
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either dipeptide in construction, containing only D-pHPG-L-Ser, that is, supposing 

truncation of the first two amino acids precedes module 5 introduction, or, a 

tetrapeptide, containing L-pHPG-L-Arg-D-pHPG-L-Ser, which conforms to the co-

linearity model of NRPS systems and presumed incorporation of all the amino 

acids activated in modules 1-4.  

 

Figure 5.6 | CoA and pantetheinyl dipeptide and tetrapeptide substrates 
synthesized for module 5 in vitro experiments. 

 

In all cases, the synthesis of these thioester substrates was achieved in a 

fashion similar to the peptidyl-thioesters described in Chapter Two, with careful 

consideration of protecting group orthogonality and maintenance of the highly 

sensitive α-center of the pHPG residue (Scheme 5.1). The N-terminal or central 

D-pHPG present in the dipeptide and tetrapeptide thioesters was selected due to 

the presumed epimerization activity of the E domain encoded in module 3. 

Synthesis of the activated aminoacyl-CoA thioesters followed by direct transfer to 

the PCP domain of module 4 and the synthesis of pantetheinyl and SNAC 

analogs allowed all possible thioester substrates to be tested for their ability to 

by-pass the peptide synthesis carried out by modules 1-4 and give evidence for 

the timing of peptide truncation. 
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Scheme 5.1 | Synthesis of linear di- and tetrapeptidyl thioester substrates. 
Reaction Conditions: a) HClL-Ser-OBn, PyBOP, DIEA, DMF, 76% c) 1. Pd-
OH/C, H2(g) 50psi, THF 2. coenzyme A, PyBOP, K2CO3, 1:1 THF:H2O, 3. TFA 
12% d) 1. Pd-OH/C, H2(g) 50psi, THF 2. SNAC, PyBOP, K2CO3, DMF 3. TFA 
32% b) 1. Boc-L-pHPG-L-Arg(Pbf) benzyl ester33, Pd-OH/C, H2(g) 50psi, THF 2. 
TFA + 4, PyBOP, DIEA, DMF, 64% e) 1. Pd-OH/C, H2(g) 50psi, THF 2. 
coenzyme A, PyBOP, K2CO3, 1:1 THF:H2O, 3. TFA 10% f) 1. Pd-OH/C, H2(g) 
50psi, THF 2. pantetheine dimethyl ketal33, PyBOP, K2CO3, DMF, 3. TFA 22% 
 

Both the dipeptide 6 and tetrapeptide 8 CoA thioesters and their 

corresponding pantetheinyl analogs 7 and 9 served different purposes. The 

peptidyl CoA compounds were synthesized to modify the PCP domain of module 

4. The advantage of this approach was that any essential PCP4-C5 protein 

interactions were not lost. The disadvantage of this approach was that the 

stoichiometry of product synthesis in any ensuing condensation experiments with 

holo-module 5 was limited by the amount of peptidyl-S-PCP4 available. To 

counterbalance this limitation, pantetheinyl and SNAC analogs of the di- and 

tetrapeptides used in the experiments were also prepared (Scheme 5.1). The 

advantage of using these potential substrates was that they could be provided to 
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module 5 in vast excess relative to the peptidyl-S-PCP substrates, and, in 

principle, support multiple turnovers. On the other hand, they suffered the 

disadvantage of loss of any PCP4-C5 protein interaction. 

 To achieve optimal module 5 reconstitution and reliable activity, a module 

5 cut site had to be selected between the linker region at the N-terminus of the 

condensation domain in module 5, and the C-terminal end of the PCP domain in 

module 4 to sever module 5 from the upstream module 4 A and PCP domains, 

which together comprise NocB. This site was chosen based on the fortuitous 

proteolytic cleavage site in the linker region between the C-terminal end of the 

PCP of module 4 and the N-terminal portion of the C domain of module 5.34 This 

construct overexpressed in high yields and was exceedingly soluble and stable, a 

critical precondition for the envisioned biochemical studies (Figure 5.7). 

 

 

Figure 5.7 | SDS-PAGE comparison of original module 5 construct with the 
proteolytic module 5 construct. Left: Module 5 soluble protein isolated from 1 L 
of E. coli. N-terminal cut site select based on secondary structure prediction. 
Right: Module 5 soluble protein isolated from 1 L of E. coli. N-terminal cut site 
selected based on the proteolytic fragment isolated from Nocardia uniformis. 
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With both soluble protein constructs and thioester substrates in hand, 

experiments were first conducted with the dipeptides 6 and 7. The dipeptide-CoA 

substrate was transferred to the PCP of module 4 through an Sfp mediated 

reaction to produce D-pHPG-L-Ser-S-PCP4 (Scheme 5.2). In a separate reaction, 

apo-module 5 was converted to its holo form by an Sfp-mediated transfer of CoA. 

Excess unreacted CoA substrates in the Sfp-mediated reactions were removed 

by centrifugation. Freshly generated holo-module 5 was supplemented with L-

pHPG and ATP to elicit A5 activity and subsequent aminoacyl loading onto the 

holo-PCP domain of the module 5 construct (Scheme 5.2).  
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Scheme 5.2 | Conversion of apo- to holo- enzymes and module 5 A domain 
activation. Top: Sfp was utilized to load the PCP monodomain of module 4 with 
the desired dipeptide shown from CoA substrate 6. In a separate reaction apo-
module 5 was converted to its holo form via an Sfp-mediated reaction using 
coenzyme A as a substrate. Bottom: The A domain of module 5 was activated 
with ATP and L-pHPG prior to reaction initiation with holo-PCP4. The activated 
pHPG-acyladenylate was then transferred onto the PCP of module 5 in a process 

that can be regenerated after every turnover of the enzyme if -lactam formation 
occurs. 
 
 

Analysis of module 5 for -lactam production was initiated by combining 

equal volumes of both components prepared. The final concentrations of D-

pHPG-L-Ser-S-PCP4 (donor) and holo-module 5 (acceptor) were 100 μM and 10 

μM respectively. In parallel, a separate reaction was carried out in which 10 μM 

holo-module 5, supplemented with L-pHPG and ATP, was incubated with 2 mM 7. 

Reactions were quenched after 2 h, the proteins were removed and the reaction 



 216 

solutions containing only TE hydrolyzed products were analyzed by HPLC for the 

production of nocardicin G. HPLC analysis revealed the formation of only the 

hydrolysis product of the thioester substrates, D-pHPG-L-Ser. Both dipeptide-S-

PCP4 and 7 substrates failed to undergo pHPG condensation to form either the 

tripeptide D-pHPG-L-Ser-D/L-pHPG or nocardicin G (Scheme 5.3). The 

accumulation of any tripeptide product was not anticipated in light of the weak TE 

turnover of tripeptidyl-thioesters substrates studied previously.  

 

 

Scheme 5.3 | -Lactam experiments with dipeptidyl thioester substrates. 
Schematic representation of incubation experiments D-pHPG-L-Ser-S-PCP4 with 

holo-module 5 which failed to produce tripeptidyl -lactam product 1. Similar 
experiments replacing the carrier protein with 7 also failed to produce 1. 
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Following the failure of dipeptide substrates 6 and 7 to stimulate 

observable activity with module 5, experiments were conducted with substrates 

10a/b, 11a/b, 12a/b, 13a/b, 14a/b, and 15a/b (Figure 5.8). These substrates 

were used in an effort to survey any activity module 5 may have on substrates in 

which the pHPG monomer it would hypothetically condense into the growing 

peptide, was pre-installed. In agreement with the experiments conducted with the 

excised TE domain, the only substrates consumed and converted to product 

were substrates 14, 15 and 16. The products from experiments containing 14/16 

and 15 were nocardicin G (1) and L-pHPG-L-Arg-nocardicin G (3), respectively, 

containing only a C-terminal D-pHPG. The TE domain present in the module 5 

construct autonomously conferred epimerization and hydrolysis activity. More 

importantly, these experiments revealed that neither the tripeptide, pentapeptide 

nor the O-seryl-activated tripeptides were sufficient substrates for -lactam ring 

closure.  
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Figure 5.8 | Substrates used in module 5 experiments containing a pre-
installed C-terminal pHPG.  

 

5.2.2 HPLC and LC-MS analysis of tetrapeptidyl thioester substrates 
 

In a final attempt to probe the activity of module 5, tetrapeptide substrates 

8 and 9 were synthesized and used in experiments analogous to those with their 

dipeptide analogs, 6 and 7. First, the tetrapeptidyl CoA (8) was transferred to the 

PCP of module 4 via an Sfp-mediated reaction to produce the corresponding L-

pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4 (Error! Reference source not found.). In a 

separate reaction, apo-module 5 was converted to its holo form by an Sfp-

mediated transfer of CoA as before and supplemented with L-pHPG and ATP to 

(Error! Reference source not found.). -Lactam ring closure experiments were 

initiated by combining equal volumes of both NRPS constructs, to form a final 

reaction mixture containing 100 μM L-pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4 
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(donor) and 10 μM module 5 (acceptor) with 5 mM ATP and 2 mM L-pHPG. In 

parallel, a separate reaction was carried out in which 10 μM holo-module 5, 

supplemented with L-pHPG and ATP, was incubated with 2 mM 9. The reactions 

were quenched after 2 h, the proteins were removed and the reaction mixtures 

containing unbound materials were analyzed by HPLC. In parallel, a negative 

control experiment containing a module 5 point mutant, M5H*792A, was used for 

comparison to the wild-type experiment. This mutant lacked the conserved 

histidine residue responsible for incoming +NH3 deprotonation to an NH2 

nucleophile in canonical C domains, conferring condensation activity.35  
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Scheme 5.4 | Priming of PCP4 and module 5 for condensation assays with 
peptidyl substrates. Top: Sfp was utilized to load the PCP4 monodomain of 
module 4 with the desired tetrapeptide shown from CoA substrate 8. In a 
separate reaction apo-module 5 is converted to its holo form via an Sfp-mediated 
reaction using coenzyme A as a substrate. Bottom: The A domain of module 5 
was activated with ATP and L-pHPG prior to reaction initiation with holo-PCP4. 
The activated pHPG acyladenylate was then transferred onto the PCP of module 

5 in a process that can be regenerated after every turnover of the enzyme if -
lactam formation occurs 
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HPLC analysis of the unbound product from the assay containing holo-

module 5 with L-pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4 indicated that compound 3, 

L-pHPG-L-Arg-nocardicin G, was synthesized as the single peptide product 

(Figure 5.9). This result was confirmed by comparison of the module 5 wild-type 

reaction with the M5H*729A negative control and a synthetic standard of 3. Final 

confirmation of the NRPS catalyzed biosynthesis of 3 was achieved by isolation 

of the peak of interest at tR = ~13.1 min and analysis by LC-MS. Mass 

spectrometric and HPLC analysis of the isolated sample indicated the presence 

of 3. An extracted ion chromatograph of 691.28 m/z ([M+H]+ of 3) confirmed that 

the major component of the biochemical reconstitution experiment is the 

pentapeptidyl -lactam-containing product 3 (Figure 5.10). Further verification of 

the result came with comparison of the MS-MS fragmentation patterns of module 

5 synthesized 3 and a synthetic standard (Figure 5.11). From these experiments, 

neither nocardicin G (1) itself, nor any linear tripeptidyl or pentapeptidyl product 

was detected by either LC or selective ion monitoring by MS. 
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Figure 5.9 | HPLC Analysis of module 5 -lactam formation experiments. 
Top: Expansion of area of interest from L-pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4 

and holo-module 5 experiment. At tR = ~13.1 min, a peak is observed which 
corresponds to the tR of 3. Bottom: HPLC comparison of M5 (wt) reaction (same 
as in the above chromatogram) with the M5*H729A negative control experiment 
and a synthetic standard of 3. 
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Figure 5.10 | LC-MS analysis of extracted NRPS synthesized product 
corresponding to 3. Top: HPLC chromatograph of L-pHPG-L-Arg-D-pHPG-L-
Ser-S-PCP4 and holo-module 5 experiment. Vertical dashed lines indicate the 
compound isolated. Bottom: UPLC-HRMS analysis of the extracted compound 
indicated in the top HPLC chromatogram. Comparison of the diode array, TOF 
MS ES+ and the 691.28 m/z extracted ion chromatograms of the extracted 
sample from the L-pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4 and holo-module 5 
experiment confirms the reconstituted biosynthesis of 3. 
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Figure 5.11 | MS-MS spectrum comparison of authentic 3 with NocNRPS 
synthesized 3. Fragmentation pattern of biosynthesized 3 (red) was identical to 
the fragmentation pattern of chemically synthesized 3 (green). Exact mass 
calculated for C33H39N8O9: 691.2835; Found: 691.2841 [M+H]+.  

 

Additional information about the mechanism through which module 5 

catalyzes -lactam ring formation was acquired with analogous experiments in 

which the peptidyl-S-PCP4 donor substrate was simply replaced with pantetheinyl 

analog 9, which completely failed to produce 3. Disappointingly, metabolites 

detected were identical to those found in the negative control (Figure 5.12). 

Successful reconstitution of the synthesis of 3 using only purified L-pHPG-L-Arg-

D-pHPG-L-Ser-S-PCP4 as the donor with holo-module 5 demonstrates that 

NocNRPS is itself sufficient to construct and cyclize the -lactam ring present in 

nocardicins A-G. Furthermore, in light of the failure of pantetheine thioester 9 to 
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serve as a suitable substrate mimic for delivery of the attached tetrapeptide, it 

can be inferred that the PCP4-C5 interaction is necessary for substrate turnover in 

NocB (Scheme 5.5). This interaction may induce conformational alterations 

within the C5 active site, promoting the catalytic activities involved in the 

downstream biosynthesis of the -lactam ring. 

 

Figure 5.12 | HPLC analysis of tetrapeptidyl-pantetheine substrate 9 with 
module 5. HPLC comparison of module5 (wt) with 9, the M5*H729A negative 
control experiment and a synthetic standard of 3. Despite vast excess of 
substrate 9, the appearance of 3 was not observed. 
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Scheme 5.5 | -Lactam experiments with tetrapeptidyl thioester substrates. 
Schematic representation of incubation experiments of L-pHPG-L-Arg-D-pHPG-L-

Ser-S-PCP4 with holo-module 5 which produced the pentapeptidyl -lactam 
product 3. Similar experiments replacing the carrier protein with 9 failed to 
produce 3. 
 

Interestingly it was found by HPLC that if the reaction was quenched after 

18 h, instead of 2 h, nocardicin G (1) was the major product (Figure 5.13). This 

observation was confirmed by MS comparison with an authentic standard, and 

selective ion monitoring (Figure 5.13, Figure 5.14 and Figure 5.15). 
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Figure 5.13 | HPLC analysis of module 5 -lactam formation experiments. 
Top: Expansion of area of interest from L-pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4 

and holo-module 5 experiment in which reactions were quenched after 18 h. At  
tR = ~11.9 min, a peak was observed which corresponds to the tR of 1. Bottom: 
HPLC comparison of module 5 (wt) reaction (same as in the above 
chromatogram) with the M5*H729A negative control experiment and a synthetic 
standard of (1). 
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Figure 5.14 | LC-MS analysis of extracted NRPS synthesized product 
corresponding to 1. Top: HPLC chromatograph of L-pHPG-L-Arg-D-pHPG-L-
Ser-S-PCP4 and holo-module 5 experiment quenched after 18 h. Vertical dashed 
lines indicate the compounds isolated from the reaction mixture. Bottom: UPLC-
HRMS analysis of the extracted compound indicated in the top HPLC 
chromatogram. Comparison of the diode array, TOF MS ES+ and the 386.1 m/z 
extracted ion chromatogram of the isolated compounds confirms the presence of 
the nocardicin G 1. 
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Figure 5.15 | Mass spectrum comparison of authentic 1 with NocNRPS 
synthesized 1. Fragmentation pattern of biologically acquired 1 (purple) is the 
same as the fragmentation pattern of chemically synthesized 1 (blue). Exact 
mass calculated for C19H20N3O6: 386.1347; Found: 386.1343 [M+H]+. 
 

 Although nocardicin G was present after 18 h incubation, it is not clear that 

module 5 catalyzed this conversion. After 2 h, the available L-pHPG-L-Arg-D-

pHPG-L-Ser-S-PCP4 donor substrate was fully converted to the -lactam 

pentapeptidyl product 3 as determined by quantifying the UV absorbance at 272 

nm to a calibration curve of 3. The appearance of carboxylate 3 implies that it is 

no longer tethered to the megasynthatase. Downstream N-terminal dipeptide 

truncation, if catalyzed by the NRPS, would therefore rely on the diffusion of 3 

into an active site. Examples of proteolytic cleavage of peptidyl-S-PCP 

substrates are absent from the literature, and, therefore it is unlikely that this 
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dipeptide truncation occurred as a result of module 5 catalysis. Spontaneous N-

terminal dipeptide hydrolysis from 3 was eliminated upon incubation of 3 in assay 

buffer. Analysis of the reaction mixture after 18 h revealed that 3 remained in 

solution with no detectable 1 present. One explanation for nocardicin G formation 

after 18 h incubation may be the trivial presence of non-specific E. coli proteases 

that co-purified with the module 5 or PCP construct.  

5.3 Conclusion 
 

 The -lactam ring present in the family of nocardicins A-G is formed by 

module 5 of the NocB NRPS encoded in the nocardicin A gene cluster. NocA and 

NocB together are responsible for recruitment and selective activation of 3 units 

of L-pHPG, 1 unit of L-Arg and 1 unit of L-serine. Once the L-pHPG-L-Arg-D-

pHPG-L-Ser-S-PCP4 intermediate is formed and bound in module 4 of NocB, -

lactam ring formation is initiated after transfer to module 5. Upon -lactam ring 

formation, the freshly generated L-pHPG-L-Arg-epi-nocardicin G-S-PCP5 

intermediate is transacylated to the catalytic serine residue within the TE domain 

(Ser1779). The α-center of the C-terminal pHPG is epimerized from L to D and 

the pentapeptidyl -lactam containing product, L-pHPG-L-Arg-nocardicin G (3), is 

hydrolyzed. The release of 3 completes one full catalytic cycle of the NocA/NocB 

megasynthatases.  

 After the biosynthesis of L-pHPG-L-Arg-nocardicin G (3), late stage 

modifications en route to nocardicin A can now proceed. Although homoseryl-

sidechain attachment onto the phenolic oxygen of the D-pHPG corresponding to 

the N-terminal pHPG in nocardicin G, and subsequent NocJ-PLP catalyzed C-9’ 
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epimerization could conceivably occur before or after L-pHPG-L-Arg dipeptide 

cleavage from 3, the hydrolysis of this dipeptide must logically occur before the 

formation of the oxime moiety present in nocardicin A. It seems likely that peptide 

cleavage occurs before homoseryl sidechain attachment due to the transfer of 

the 3-amino-3-carboxypropyl moiety from SAM to the phenolic site of nocardicin 

G is known to be catalyzed by Noc C.23 Although NocK was found to be a non-

essential component of nocardicin A biosynthesis,24 it is possible that this serine 

protease is responsible for the conversion of 3 to 1. It is also quite possible that 

an unidentified promiscuous protease encoded outside of the nocardicin A gene 

cluster can remove the two L-amino acid residue, which may explain the knock-

out experiments conducted previously.24 Proteolysis of L-amino acid bearing 

peptides produced in prokaryotes is a common event. The biosynthesis of 

nocardicin A is summarized in Figure 5.16 below. 
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Figure 5.16 | Biosynthesis of nocardicin A. Together NocA and NocB, with 
ATP and NocI, activate and load 3 units L-pHPG, 1 unit of L-Arg and 1 unit of L-
Ser onto the megasynthatase. These five amino acids are condensed and used 
to form L-pHPG-L-Arg-nocardicin G (3). The N-terminal dipeptide of (3), L-pHPG-
L-Arg, is cleaved, likely by NocK to form nocardicin G (1). Three enzymes: Nat, 
NocJ and NocL convert 1 to the final product, nocardicin A (2). 
 

5.4.1 Proposed Mechanism for -Lactam Formation 

  Since the reconstitution of the synthesis of 3 using purified module 5 and 

L-pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4 showed that the NRPS was sufficient to 

construct and form the -lactam ring present in nocardicins A-G from the L-seryl 

residue, a strong hypothesis can be made for not only the domain responsible for 

catalyzing cyclodehydration, but also a mechanism by which this dramatic 

chemical transformation proceeds.   

It was proposed from previous amino acid incorporation experiments that 

a credible mechanism by which the -lactam ring of nocardicin A could be formed 

was through an SNi process. It was originally suggested that this transformation 

was likely carried out through O-seryl activation, possibly through O-
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phosphorylation.21 Recent biochemical studies, however, have ruled out this 

possibility and have provided three strong clues towards understanding the 

biosynthesis of 3. These clues not only implicate which domain is responsible for 

-lactam ring formation, but also lead to a hypothesis for its catalysis. 

 First, although it was previously unclear if NocB catalyzed 

cyclodehydration, the TE was probed with a variety of O-seryl activated peptide 

substrates, some of which containing O-phosphate moieties, as the most logical 

domain responsible for -lactam ring formation. It was found, however, that the 

NocTE domain was incapable of processing any substrates that did not already 

contain the -lactam.36 Due to the stringent substrate specificity for -lactam-

containing substrates, it appeared unlikely that the TE catalyzed the 

cyclodehydration chemistry necessary for the -lactam formation. From this 

result it was also deduced that the -lactam ring present in the nocardicins was 

formed on an upstream peptidyl-S-PCP intermediate.  

Second, following the experimental determination that the NocNRPS was 

sufficient for the construction of 3, and hence catalyzed the formation of the -

lactam ring, the enzyme or enzymes, which confer cyclodehydration activity, 

could now be identified. These enzymes include the PCP domain of module 4, 

and the C, A, PCP and TE domains of module 5. Since the TE was previously 

eliminated from domains responsible for catalyzing -lactam ring formation, four 

possible domains remained. Of these remaining four domains, however, the C 

and A domains of module 5 are the only reasonably likely candidates for -

lactam ring formation. 
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Third, of these two remaining domains likely responsible for the formation 

of the -lactam ring, one was substantially more probable: the C domain of 

module 5. This conclusion is supported for two reasons. First, the amide nitrogen 

of the -lactam ring present in the nocardicin family of antibiotics originates from 

the amine of the C-terminal pHPG monomer, which rationally must derive from 

the termination module, module 5, of the NRPS. The amide nitrogen of the -

lactam ring was first introduced from the L-pHPG-S-PCP5 into the growing 

peptide strand at the point of chain elongation, which can logically only occur in 

the C5 domain. Second, the only reasonable utilization of the A5 domain in the 

mechanism for -lactam ring formation would be for the hypothetical activation of 

the O-seryl peptide on the upstream PCP domain of module 4. This was highly 

unlikely and reasonably excluded as a possible mode of action owing to the high 

specificity of A5 for L-pHPG.28 Biochemical experiments, in fact, demonstrated 

that L-Ser had virtually no affinity for the enzyme.28 Still yet, A domains have 

been mainly characterized to conduct chemical transformation on amino acid 

carboxylates, converting them to mixed anhydrides. The only opportunity for this 

phenomenon to occur would be in an A domain which has specificity for L-Ser. 

The only A domain that confers L-Ser specificity in the NocNRPS, however, is 

that of module 4. Additionally, A4 also does not activate L-O-phospho-serine.28 

Since this domain was not involved in the reconstitution experiment of 3, it can 

be absolved of a role in both O-seryl activation and -lactam formation. 

The mechanism for -lactam ring formation catalyzed by the C domain of 

module 5 is proposed here.37 This hypothesis takes into consideration all of the 
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experimental results described in the previous sections of this thesis, along with 

the known mechanisms of -lactam ring formation in other classes of -lactam 

antibiotics (Figure 5.17). The proposed mechanism catalyzes the construction of 

the -lactam ring through a related mechanism used in the biosynthesis of 

clavulanic acid. Azetidinone formation in the nocardicins is proposed to begin 

with the dehydration of the seryl alcohol, possibly through an E1cB elimination 

mechanism likely catalyzed in C5 (Figure 5.18). The formation of a dehydroalanyl 

moiety is a strategy exercised in the chemically analogous early steps of the 

clavulanic acid pathway where an acryloyl-thiamine diphosphate (ThDP) 

intermediate 18 is created. In nocardicin biosynthesis, upon the formation of the 

dehydroalanyl-moiety, the amine of the downstream L-pHPG-S-PCP, adds 1,4 

into the carbonyl of the /-unsaturated peptidyl thioester and forms the C-N 

bond at the -carbon of dehydroalanine (Figure 5.18). The proposed -addition 

into the thioester carbonyl is analogous to the 1,4-addition of L-Arg into the 

former -carbon of D-glyceraldehyde-3-phosphate (G3P) present as the acryloyl-

ThDP intermediate 18 catalyzed by CEAS in clavulanic acid biosynthesis (Figure 

5.17).38 
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Figure 5.17 | Comparison of -lactam ring formation in penicillin and 

clavulanic acid biosyntheses. Illustrated above are the different routes of -

lactam biosynthesis in two classes of -lactam antibiotics. Top: Although the core 

of penicillin was derived from NRPS synthesis, the -lactam ring was formed 
through an oxidative process, which was known to not occur in nocardicin A 
biosynthesis. Bottom: In the biosynthesis of clavulanic acid, CEAS catalyzes the 

conjugate addition of L-Arg with 18, highlighted in green. -LS transforms CEA 

(19) into the -lactam containing intermediate DPGC (20), highlighted in blue, via 
ATP activation of a carboxylic acid and amide condensation of the secondary 

amine present in the -lactam ring. 
 

The peptidyl-S-PCP intermediate is then released from the PCP of module 

4 by means of the proposed amide bond formation. This condensation is similar 

to the condensation mechanism of -LS in clavulanic acid in which the adenyl 

carboxylate of CEA (19) is substituted by the proximal secondary amine. In the 

case of nocardicin A -lactam ring formation, the ATP activation is substituted by 

a pre-existing thioester bond, which is a thermodynamically acceptable 

replacement for carbonyl activation by ATP. The use of the thioester bond as a 
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vehicle for carbonyl activation is also favorable in the context of NRPS systems 

because no further chemical activation is necessary and its concomitant release 

from PCP4 yields L-pHPG-L-Arg-epi-nocardicin G-S-PCP5, now poised for 

delivery to the TE domain (Figure 5.18). 
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Figure 5.18 | Proposed -lactam ring formation mechanism in nocardicin A 

biosynthesis. -Lactam formation is proposed to proceed through a 
dehydroalanyl-intermediate. The “sticky proton” is highlighted in blue.  
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In both nocardicin A and penicillin N, the only asymmetric centers that 

remain unchanged from the progenitor L-amino acids are those corresponding to 

serine and cysteine respectively (the amino acids that make up the carbon 

skeletons of the respective -lactam rings). In the case of nocardicin A 

biosynthesis, the fate of the serine α-hydrogen was examined by administering 

doubly labeled L,D-[2-3H,1-14C] serine to growing cultures of Nocardia 

uniformis.21 Extensive loss of tritium, 81%, was observed. For comparison, an 

analogous experiment conducted with a high-producing strain of Penicillium 

chrysogenum showed only a 16% loss of tritium from L-[2-3H,U-14C] cysteine on 

incorporation into penicillin G.39 It was argued that the relatively greater loss of 

the α-label from serine in the instance of nocardicin A is likely attributed to the 

utilization of L-serine in primary metabolic pathways, thus removing the α-

radiolabel prior to antibiotic incorporation.21 One pathway L-serine is involved in, 

for example, is the reversible transamination of serine to hydroxypyruvate, which 

would indeed exchange the α-hydrogen. 

Alternatively, the greater loss of α-label from serine can be explained in 

terms of a β-elimination to a dehydroalanyl intermediate. -Lactam ring closure 

could occur either by direct cyclization, which would be a violation of Baldwin’s 

rules (4-endo-trig cyclization), or through the rapid β-addition of the pHPG amine 

followed by the allowed 4-exo-trig -lactam ring closure as proposed in Figure 

5.18. For either pathway to be valid, the tritium originally residing at the seryl α 

position would have to be partially retained in nocardicin A to be in agreement 

with the experimental observations. It was previously viewed that retention of 
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about one-fifth of the α-label in an amino acid with involvement in intermediates 

of primary metabolism was a sufficient rationale to rule out a dehydroalanyl 

intermediate en route to nocardicin A.21 However, this conclusion did not account 

for the possibility of a “sticky proton”.40-43 An acidic hydrogen that is not fully lost 

to solvent, and hence “sticky”, despite being at an exchangeable position on, for 

example a histidine residue, is a precedented explanation for the observed 

experimental results. This proposed “sticky proton” is highlighted in blue in Figure 

5.18. 

In conclusion, It is reasonably hypothesized that the C domain of module 5 

initiates -lactam ring construction by generating a dehydroalanyl from a seryl 

residue, followed by conjugate addition by the downstream pHPG amine and 

closing the azetidinone ring in a 4-exo-trig cyclization by means of amide bond 

formation. This mechanism takes into consideration the unsupported involvement 

of an O-phosphoryl activated seryl hydroxyl, accounts for the apparent retention 

of the serine α-hydrogen in earlier radiochemical labeling studies and conforms 

to Baldwin’s rules for favorable ring closures.  

5.4.2 Future Direction 

Final resolution of the mechanism proposed in Figure 5.18 can be 

evaluated with further experimentation probing substrates with and without 

dehydroalanine installed in tetrapeptide-S-PCP4 donor substrate. This goal can 

be achieved through the synthesis of L-pHPG-L-Arg-D-pHPG-dehydroalanine 

coenzyme A (21) followed by Sfp transfer to PCP4 and incubation with holo-

module 5 enzyme supplemented with ATP, Mg2+ and L-pHPG (Figure 5.19). 
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Encouragingly, the failure of previous module 5 experiments conducted with 

pentapeptidyl-S-pantetheine 11 supports the proposed mechanism in Figure 5.18 

because dehydroalanyl formation must precede amide bond formation. If the 

proposed mechanism is correct, the peptide should never traverse through a 

linear pentapeptidyl with the amide linkages modeled in substrate 11. 

Dehydration of 11 to its corresponding dehydroalanyl analog would be hindered 

by the necessity of a 4-endo-trig cyclization, which is disallowed by Baldwin’s 

rules.44 

 

Figure 5.19 | Proposed experiment to probe -lactam ring formation 
through a dehydroalanyl intermediate. Top: Dehydroalanyl analog of L-pHPG-
L-Arg-D-pHPG-L-Ser coenzyme A (8) to be used for future module 5 C domain 
studies. Bottom: Schematic of proposed reaction with dehydroalanyl substrate 21. 
 

Furthermore, future experiments should be conducted to probe potential 

catalytic residues necessary for dehydration of the seryl alcohol, subsequent 

conjugate addition and 4-exo-trig -lactam ring closure. Although the proposed 

three functions of the C5 domain are unprecedented, and none of which invoke 
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the canonical amide bond condensation found in other NRPS C domains, 

peculiarities that may enable the unconventional function of the enzyme exist. 

Multiple sequence alignment of the C domain of module 5 with known C domains 

and C/Cy domains were conducted (Figure 5.20). These analyses revealed that 

the active site of C5 is more similar to canonical C domains of EntF and VibH 

than to Cy domains with established secondary cyclization function such as 

HMWP1 of VibF (Figure 5.20). Cy domains conform to the highly conserved 

DXXXXDXXS sequence where only the second Asp is retained from the HHXXXDG 

sequence.13 The C domain of module 5 has both Asp and Cys residues that align 

with the conserved C-terminal conserved Asp and Ser residues of Cy domains. 

These residues are candidates for mutagenesis to determine if they play a role in 

-lactam ring catalysis in nocardicin A biosynthesis. 
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Figure 5.20 | Multiple sequence alignment of the catalytic residues present 
in the C domain of module 5 with known canonical C and C/Cy domains. 
Blue = basic, red = acidic, purple = Ser or Cys. The C domain of Module 5 has 
higher homology to EntF and VibH (amide bond forming domains only) than to 
HMWP1 – AngR (known Cy domains). M5H790 – M5H792 correspond to 
positions 7-9 respectively. * = “extra histidine” 
 

 

Other C5 residue contenders for -lactam ring formation are proximal to 

and within the HHILLDG catalytic motif (residues 8-14 in Figure 5.20). It has 

been previously established that incubation of L-pHPG-L-Arg-D-pHPG-L-Ser-S-

PCP4 with a module 5 construct devoid of the predicted condensation ability,35 

M5*H792A, failed to produce 3. Interestingly, upstream to the conserved 

HHXXXDG catalytic motif exists an “extra” histidine residue, corresponding to 

residue H790. Since histidine residues are widely utilized to mediate acid/base 

chemistry in enzymes, this proximal “extra” residue is a reasonable candidate for 

mutagenesis. In the absence of a crystal structure of the enzyme, reconstitution 

experiments with M5*H790A and M5*H791A, along with M5*D796A and 

M5*S799A should be pursued. Future crystallographic structure determination 

* 
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and subsequent biochemical experiments will elucidate the mechanism of the C5 

catalyzed -lactam ring closure essential to nocardicin A biosynthesis and, by 

extension, perhaps to the entire class of monobactam antibiotics.  
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5.4 Experimental  

5.4.1 General Methods 

1H-NMR spectra were recorded on a Bruker Avance (Billerica, MA) 400 or 300 

MHz spectrometer. Proton chemical shifts are reported in ppm (δ) relative to 

internal tetramethylsilane (TMS, δ 0.0 ppm) or with the solvent reference relative 

to TMS (D2O, δ 4.79 ppm, CDCl3, δ 7.26 ppm, DMSO-d6, 2.50 ppm). Data are 

reported as follows: chemical shift (multiplicity [singlet (s), doublet (d), triplet (t), 

quartet (q), and multiplet (m)], coupling constants [Hz], integration). 13C-NMR 

spectra were recorded on a Bruker 400 (101 MHz) spectrometer with complete 

proton decoupling. Carbon chemical shifts are reported in ppm (δ) relative to 

TMS with the (CD3)2SO (δ 39.52 ppm) or CDCl3 (δ 77.16 ppm) as the internal 

standard. High-resolution mass spectrometry was performed by fast atom 

bombardment (FAB) or electrospray ionization (ESI) at the Mass Spectrometry 

Facility of The Johns Hopkins University. Column chromatography was carried 

out on Silica Gel 60 Merck (Whitehouse Station, NJ), 230-400 mesh ASTM. 

Reagents and chemicals were purchased from the Sigma-Aldrich Chemical 

Company (Milwaukee, WI) unless otherwise noted and used without further 

purification. Pearlman’s catalyst (Pd-OH/C) was purchased and used without 

further purification from Strem Chemicals, Inc. (Newburyport, MA). All solvents 

used for reactions were distilled prior to use (THF over Na/benzophenone, 

CH2Cl2 and CH3CN over CaH). 
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Preparative HPLC purifications were performed on an Agilent model 1100 

(Santa Clara, CA) equipped with a multi-wavelength UV-Vis detector in 

conjunction with a reverse-phase Phenomenex Luna 10μ C18(2) 100 Å 

preparatory column (250 x 21.20 mm ID). Mobile phase conditions included one 

of the following: Prep Method A (water + acetonitrile (ACN) +0.1% TFA): 0–5 

min isocratic 13% water 87% ACN + 0.1% TFA, 5-25 min gradient 13% to 50% 

ACN + 0.1% TFA, 25-30 min 50% ACN to 13% ACN, 30-35 min isocratic 13% 

water 87% ACN + 0.1% TFA. Flow rate = 6.5 mL/min. Prep Method B (water + 

ACN + 0.1% TFA): 0-25 min gradient 15-80% ACN + 0.1% TFA, 25-30 min 80% 

to 15% ACN + 0.1% TFA, 30-35 min 15% ACN + 85% water + 0.1% TFA. Flow 

rate = 6.5 mL/min. 

 Analytical HPLC purifications of synthetic substrates were performed on 

an Agilent model 1200 equipped with a multi-wavelength UV-Vis detector in 

conjunction with a reverse phase Phenomenex Luna 5u phenyl/hexyl analytical 

column (250 x 4.60 mm ID). Analytical Method A (water + ACN + 0.1% TFA):  

0-5 min isocratic 93% water + 7% ACN +0.1% TFA, 5-22 min gradient 7% to 

50% ACN + 0.1% TFA, 22-25 min gradient 50% to 7% ACN + 0.1% TFA, 25-35 

min isocratic 93% water + 7% ACN + 0.1% TFA. Flow rate = 1.0 mL/min. 

Analytical Method B (water + ACN + 0.1% TFA): 0-20 gradient 7% to 50% ACN 

+ 0.1% TFA, 20-25 min gradient 50% to 7% ACN + 0.1% TFA, 25-35 min 

isocratic 93% water + 7% ACN + 0.1% TFA. Flow rate = 1.0 mL/min. 

 Analytical HPLC analyses of enzymatic reactions were performed on an 

Agilent model 1200 equipped with a multi-wavelength UV-Vis detector in 



 247 

conjunction with a reverse-phase Phenomenex Luna 5u phenyl/hexyl analytical 

column (250 x 4.60 mm ID). water + ACN + 0.1% TFA:  0-5 min isocratic 93% 

water + 7% ACN +0.1% TFA, 5-22 min gradient 7% to 50% ACN + 0.1% TFA, 

22-25 min gradient 50% to 7% ACN + 0.1% TFA, 25-35 min isocratic 93% water 

+ 7% ACN + 0.1% TFA. Flow rate = 1.0 mL/min.  

  

UPLC-HRMS samples were analyzed on a Waters Acquity H-Class UPLC 

system equipped with a multi-wavelength UV-Vis diode array detector in 

conjunction with a Waters Acquity BEH UPLC column packed with an ethylene 

bridged hybrid C-18 stationary phase (2.1 mm x 50 mm, 1.7 um) in tandem with 

HRMS analysis by a Waters Xevo-G2 Q-ToF ESI mass spectrometer. Mobile 

phase: 100% water + 0.1% formic acid 0-1 min, 1 - 7.5 min 80% ACN + 0.1% 

formic acid, 7.5 min – 8.4 min isocratic 80% ACN + 0.1 % formic acid, 8.4 - 10 

min 100% water + 0.1 % formic acid. Flow rate = 0.3 mL/min  

 

DNA sequencing of PCR-amplified fragments was conducted at the Johns 

Hopkins Core Sequencing Facility. Restriction enzymes and DNA ligase were 

purchased from New England Biolabs (Ipswich, MA). DNA polymerase was 

purchased from Agilent Technologies (Santa Clara, CA) Subcloning vector 

pCRBlunt-TOPO was purchased from Invitrogen (Grand Island, NY). The 

pET28b expression vector and Rosetta 2 cells were purchased from Novagen 

(Darmstadt, Germany). 
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5.4.2 Molecular Cloning and Protein Purification 

Cloning, overproduction and purification of apo-module 5 (proteolytic cut 

site) Cloning of the intact gene into the expression vector was achieved by PCR 

amplification of the desired module 5 fragment from the pMG053134 cosmid 

containing the NocNRPS genes. This template was PCR amplified with 

Herculase II (New England Biolabs) by using the following oligonucleotide 

primers (underlined: restriction site): forward primer: 5’-GGGATA- CATATG-

CGCGGCGACGACGAG-3’ and reverse primer: 5’-GGATA-AAGCTT-

TCACCGCTCTCCTCCCAG-3’. The PCR products were incorporated into a 

pCRBlunt-TOPO subcloning vector (Invitrogen) and verified to be the desired 

insert through sequencing (JHU Core Sequencing Facility). The pCRBlunt-

module 5 construct was digested with NdeI and HindIII (NEB) and ligated with T4 

DNA ligase (NEB) into a similarly digested pET28b (Novagen) vector to create an 

N-terminal 6x-His fusion construct.  

The pET28-module 5 was transformed into Rosetta 2 cells (Novagen) and 

plated onto LB-agar containing 50 μg/mL kanamycin and 50 μg/mL 

chloramphenicol and incubated at 37 °C overnight. One colony per starter culture 

was selected and grown at 37 °C at 200 rpm overnight in 10 mL of LB medium 

supplemented with 50 μg/mL kanamycin and 50 μg/mL chloramphenicol. One 

liter of 2XYT containing 50 μg/mL kanamycin and 50 μg/mL chloroamphenicol 

was inoculated with 10 mL of starter culture and cells were grown at 37 °C to an 

OD600 of 0.6-0.8. The temperature of the culture was reduced to 18 °C, 1 mM 
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isopropyl α-D-thiogalactopyranoside (IPTG) was added and the culture was 

grown for 18 h.  

 The cells were harvested by centrifugation (5,000 x g, 15 min, 4°C) and 

stored at -80 °C. Cells were thawed in lysis buffer (50 mM phosphate, 300 mM 

NaCl, pH 8.0) and disrupted by sonication (60% amplitude, 9 sec on/off, 3 min) 

on ice. Cell debris was removed by centrifugation (25,000 x g, 30 min, 4 °C) and 

the clarified cell lysate was incubated with 2 mL of 50% suspension/L of cell 

culture of TALON® metal affinity resin (Clontech) for 1-2 h at 4 °C in a batch-

binding format. The suspension was then loaded into a gravity column and 

washed with lysis buffer. The desired protein was then eluted with a stepwise 

gradient of imidazole (20-300 mM) in lysis buffer. Fractions containing the 

purified protein, as determined by SDS-PAGE with Comassie staining, were 

pooled and dialyzed against 2 x 3 L of assay buffer, pH 7.5. Protein 

concentrations were quantified by Bradford assay.  

 

Cloning, overproduction and purification of M5*H792A The gene for the full-

length module 5 domain containing a His to Ala mutation in the catalytic motif of 

the C domain in Module 5 was constructed via splicing by overlap extension 

(SOE) mutagenesis45 using the wild type pET28b-module5 plasmid as template 

and Herculase II DNA polymerase. In the first round of PCR amplification the 

following oligonucleotide primers were used (bold: mutation): (5’-GGGATA-

CATATG-CGCGGCGACGACGAG-3’ and 5’-CGAGCAGGAT-GGCGTGGTGG-

CTC-3’) and (5’ CGCGAGCTT-CTGCAG-CGGCAG-3’ and 5’-GAGCCACCAC-
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GCCATCCTGCTCG -3’). The amplification products of the first round of PCR 

were combined in a single reaction and were ligated and amplified in a second 

round PCR reaction with the following oligonucleotide primers: 5’-GGGATA- 

CATATG-CGCGGCGACGACGAG-3’ and 5’ CGCGAGCTT-CTGCAG-CGGCAG-

3’. The PCR product was subcloned into a pCRBlunt-TOPO subcloning vector 

and sent for sequencing. The pCRBlunt-Module 5 mutant construct was digested 

with NdeI and PstI and ligated with T4 DNA ligase (NEB) into a similarly digested 

pET28b-module 5 plasmid to create the desired M5*H792A N-terminal His 6x-

tagged construct. Overexpression and purification of the construct was achieved 

analogously to the purification of the wild-type enzyme described above. 

 

Cloning, overproduction and purification of apo-PCP4  

Cloning of the intact gene into the expression vector was achieved via PCR 

amplification of the desired module 5 fragment from the pMG053134 cosmid 

containing the NocNRPS genes. This template was PCR amplified with 

Herculase II (New England Biolabs) by using the following oligonucleotide 

primers (underlined: restriction site): forward primer: 5’-GCGTAA-CATATG-

GACCGCGCGGCGCT-3’ and reverse primer (with STOP codon inserted): 5’-

GTAA-GCGGCCGC-TCA-CTCGTCGGCGGCGG-3’. The PCR products were 

incorporated into a pCRBlunt-TOPO subcloning vector and verified to be the 

desired insert through sequencing. The pCRBlunt-Module 5 construct was 

digested with NdeI and NotI and ligated with T4 DNA ligase into a similarly 

digested pET28b vector to create an N-terminal 6x-His fusion construct. 
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Overexpression and purification of the construct is achieved analogously to 

procedures described from the wild-type construct. 

 

5.4.3 Synthesis of Substrates 

N-tert-Butyloxycarbonyl-D-[p-(hydroxy)phenyl]glyciyl-L-serine Benzyl Ester 

(4). To a 250 mL round-bottomed flask equipped with a magnetic stir bar, Boc-D-

pHPG33 (4.36 g, 16.3 mmol) and DIEA (8.50 mL, 49.0 mmol) was dissolved in 30 

mL of reagent grade DMF and cooled to 0 °C in an ice-bath. When the solution 

had come to temperature, PyBOP (8.50 g, 16.3 mmol) was added and after 1 

min benzyl L-serine hydrochloride (5.00 g, 13.61 mmol) was added. The reaction 

mixture was allowed to stir at 0 °C to room temperature for 3 h. The solution was 

diluted with 200 mL of EtOAc and washed with sat. aq. NH4Cl (2 x 75 mL), sat. 

aq. NaHCO3 (2 x 75 mL) and brine (1 x 75 mL). The organic layer was 

concentrated in vacuo and purified by silica gel chromatography with a gradient 

of 40: 60 EtOAc: Hex to 50: 50 EtOAc: Hex over 3 L to obtain the product as a 

white foam (4.54 g, 75%). 1H-NMR (400 MHz; DMSO-d6): δ  9.37 (s, 1H), 8.42 (d, 

J = 7.6 Hz, 1H), 7.38-7.32 (m, 6H), 7.20 (d, J = 8.6 Hz, 2H), 6.67 (d, J = 8.6 Hz, 

2H), 5.20 (d, J = 8.6 Hz, 1H), 5.14 (s, 2H), 4.35 (q, J = 6.3 Hz, 1H), 3.71 (dd, J = 

10.9, 5.2 Hz, 1H), 3.59 (dd, J = 10.9, 4.6 Hz, 1H), 1.38 (s, 9H). 13C-NMR (101 

MHz, DMSO-d6): δ  171.4, 170.8, 157.3, 136.4, 129.7, 128.9, 128.9, 128.4, 128.1, 

115.4, 78.8, 66.4, 61.7, 57.5, 55.3, 28.6. HRMS (FAB) calculated for C23H29N2O7
 

445.1969; Found 445.1954 [M+H]+.  
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N-tert-Butyloxycarbonyl-L-[p-(hydroxy)phenyl]glycyl-L-arginine(Pbf)-D-[p-

(hydroxy)phenyl]glycyl-L-seryl Benzyl Ester (5) To a 250 mL round-bottomed 

flask equipped with a magnetic stir bar, N-tert-Butyloxycarbonyl-L-[p-

(hydroxy)phenyl]glycine-L-arginine(Pbf) benzyl ester33 (1.22 g, 1.59 mmol) was 

dissolved in 20 mL of reagent grade THF. To this solution was added a catalytic 

amount of Pd-OH/C and the dipeptide was hydrogenated under 1 atm. of H2 for 

12 h. The mixture was filtered through Celite, washed with THF (3 x 50 mL) and 

the organic filtrate was concentrated in vacuo and used in the next reaction 

without further purification. In a separate 250 mL round-bottomed flask equipped 

with a magnetic stir bar, dipeptide 4 (779 mg, 1.59 mmol) was dissolved in 50 mL 

of TFA and stirred at room temperature for 30 min. The solution was 

concentrated in vacuo and the solvents were removed by azeotropic distillation 

with toluene (3 x 50 mL).  

 To a third 250 mL round-bottomed flask equipped with a magnetic stir bar, 

the freshly hydrogenolyzed Boc-L-pHPG-L-Arg(Pbf) dipeptide was added in 30 

mL of reagent grade DMF. To this was solution added DIEA (4.15 μL, 2.35 mmol) 

and the solution was cooled to 0 °C in an ice-bath. The freshly deprotected 

peptide corresponding to compound 4 was dissolved in 20 mL of reagent grade 

DMF, DIEA (4.15 μL, 2.35 mmol) was added and the solution was cooled to 0 °C 

in an ice-bath. After both solutions were sufficiently cooled, PyBOP (911 mg, 

1.75 mmol) was added to the flask containing the carboxylate and after 1 min, 

freshly deblocked 4 was added dropwise over 2 min. The reaction mixture was 

stirred from 0 °C to room temperature over 3 h. The reaction mixture was diluted 
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with 150 mL of EtOAc and washed with sat. aq. NH4Cl (2 x 75 mL), sat. aq. 

NaHCO3 (2 x 75 mL) and brine (1 x 75 mL). The organic layer was concentrated 

in vacuo and purified by silica gel chromatography using a gradient of 50: 50 

EtOAc: Hex to 80: 20 EtOAc: Hex over 3 L to obtain the product as a white foam 

(0.95 g, 65%). 1H-NMR (400 MHz; DMSO-d6): δ  9.38 (br.s, 2H), 8.55 (d, J = 7.6 

Hz, 1H), 8.49 (d, J = 7.8 Hz, 1H), 8.23-8.20 (m, 1H), 7.42-7.32 (m, 5H), 7.18 (d, J 

= 8.5 Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H), 6.69 (d, J = 8.7 Hz, 2H), 6.67 (d, J = 8.6 

Hz, 2H), 5.47 (d, J = 8.3 Hz, 1H), 5.14 (s, 2H), 4.41 (dd, J = 13.1, 7.5 Hz, 1H), 

4.34 (q, J = 6.2 Hz, 1H), 3.71-3.67 (m, 1H), 3.55 (dd, J = 10.8, 4.8 Hz, 2H), 3.01 

(br. s, 2H), 2.96 (s, 3H), 2.48 (s, 3H), 2.43 (s, 3H), 1.61 (br.s, 2H), 1.41 (s, 9H), 

1.38 (s, 6H). 13C-NMR (101 MHz, DMSO-d6): δ  171.05, 170.79, 157.91, 157.21, 

156.49, 137.75, 136.37, 131.90, 129.80, 128.86, 128.82, 128.69, 128.44, 128.13, 

124.79, 116.74, 115.45, 86.76, 66.43, 61.65, 55.34, 42.95, 28.79, 28.64, 21.24, 

19.44, 18.08, 14.57, 12.78. HRMS (FAB) calculated for C50H64N7O13S
 

1002.42828; Found 1002.42870 [M+H]+.  

 

D-[p-(hydroxy)phenyl]glycyl-L-seryl coenzyme A (6). To a 10 mL round-

bottomed flask equipped with a magnetic stir bar, freshly hydrogenolyzed 

dipeptide 4 (25.0 mg, 0.057 mmol) was dissolved in 500 μL of THF and to this 

solution was added K2CO3 (21.0 mg, 0.169 mmol). In a separate vial coenzyme 

A (66.0 mg, 0.086 mmol) was dissolved in 500 μL of HPLC grade water. PyBOP 

(44.0 mg, 0.086 mmol) was added to the solution containing hydrogenolyzed 4 

followed by the addition of the aqueous solution of coenzyme A. The reaction 
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was stirred at room temperature for 30 min, filtered through 0.2 μm filter and 

purified directly by HPLC without any intermediary work-up. The reaction solution 

were purified by Prep Method A, collected on dry ice and lyophilized to dryness. 

The desired freshly lyophilized product was dissolved in 5 mL of reagent grade 

TFA and stirred at room temperature for 15 min. The TFA was removed in vacuo 

and the residue was re-suspended in 2 mL of 70: 30 H2O: ACN supplemented 

with 0.1% TFA. The reaction mixture was purified by Prep Method A again, 

collected, frozen on dry ice and lyophilized to a white TFA salt (20.0 mg, 35%). 

1H-NMR (400 MHz; D2O): δ  8.55 (s, 1H), 8.33 (s, 1H), 7.41 (d, J = 8.7 Hz, 2H), 

7.07 (d, J = 8.7 Hz, 2H), 6.12 (d, J = 5.6 Hz, 1H), 5.41 (s, 1H), 4.82 (t, J = 8.3 Hz, 

1H), 4.54-4.50 (m, 2H), 4.20 (q, J = 3.2 Hz, 2H), 3.93 (s, 1H), 3.83-3.79 (m, 2H), 

3.56 (dd, J = 9.7, 4.7 Hz, 1H), 3.35 (t, J = 6.9 Hz, 2H), 3.27-3.22 (m, 1H), 3.12 (t, 

J = 6.4 Hz, 1H), 2.94 (t, J = 6.2 Hz, 1H), 2.78 (t, J = 6.3 Hz, 1H), 2.35-2.29 (m, 

3H), 1.97 (s, 2H), 0.85 (s, 3H), 0.73 (s, 3H). HRMS (ESI) calculated for 

C32H49N9O20P3 S 1004.2022; Found 1004.2014 [M+H]+. 

 

D-[p-(hydroxy)phenyl]glycyl-L-seryl SNAC (7). To a 250 mL pressure flask, 

protected peptide 4 (300 mg, 0.675 mmol) was dissolved in 10 mL of reagent 

grade THF. To this solution was added a catalytic amount of Pd-OH/C and the 

dipeptide was hydrogenated under 1 atm of H2 for 12 h. The mixture was filtered 

through Celite, washed with THF (3 x 50 mL) and the organic filtrate was 

concentrated in vacuo and used in the next reaction without further purification.  
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 To a 10 mL round-bottomed flask equipped with a magnetic stir bar, 

freshly hydrogenolyzed dipeptide was dissolved in 2 mL of reagent grade DMF 

and to this solution was added DIPEA (232 μL, 1.35 mmol) and cooled to 0 °C 

with an ice-bath. To this cooled solution was added PyBOP (423 mg, 0.812 

mmol) and SNAC (97 mg, 0.812 mmol) and the reaction mixture was stirred for 

30 min at room temperature. The solution was diluted with 50 mL of EtOAc and 

washed with sat. aq. NH4Cl (2 x 20 mL), sat. aq. NaHCO3 (1 x 20 mL) and brine 

(1 x 20 mL). The EtOAc extract was concentrated in vacuo to a viscous oil, which 

was re-dissolved in 2 mL 70: 30 ACN: H2O. The product was purified by Prep 

Method A, collected on dry ice and lyophilized to dryness. The freshly lyophilized 

product was dissolved in 5 mL of reagent grade TFA and left to sit at room 

temperature for 15 min. The TFA was removed in vacuo and the residue was re-

suspended in 2 mL of 70: 30 H2O: ACN supplemented with 0.1% TFA. The 

reaction mixture was purified by Prep Method A again, collected, frozen on dry 

ice and lyophilized to dryness as a white TFA salt (161 mg, 67%). 1H-NMR (400 

MHz; D2O): δ  7.26 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 5.32 (s, 1H), 

4.53 (t, J = 5.0 Hz, 1H), 3.85 (dd, J = 5.4, 1.7 Hz, 1H), 3.75-3.69 (m, 1H), 3.28 

(app. t, J = 6.8 Hz, 2H), 2.99 (app. t, J = 6.2 Hz, 2H), 1.84 (s, 3H). HRMS (FAB) 

calculated for C15H22N3O5S 356.12747; Found 356.12695 [M+H]+. 

 

L-[p-(hydroxy)phenyl]glycine-L-arginine-D-[p-(hydroxy)phenyl]glycyl-L-

seryl-coenzyme A (8). To a 10 mL round-bottomed flask equipped with a 

magnetic stir bar, freshly hydrogenolyzed tetrapeptide 5 (40.0 mg, 0.044 mmol) 

was dissolved in 500 μL of THF and to this solution was added K2CO3 (18.0 mg, 



 256 

0.132 mmol). In a separate vial coenzyme A (42.0 mg, 0.055 mmol) was 

dissolved in 500 μL of HPLC grade water. PyBOP (27.0 mg, 0.055 mmol) was 

added to the solution containing hydrogenolyzed 5 followed by the aqueous 

solution of coenzyme A. The reaction mixture was stirred at room temperature for 

30 min, filtered through 0.2 μm filter and purified directly without any intermediate 

work-up. The filtered solution was purified by Prep Method B, the desired product 

was collected on dry ice and lyophilized to dryness. The freshly lyophilized 

product was dissolved in 5 mL of reagent grade TFA and stirred at room 

temperature for 15 min. The TFA was removed in vacuo and the residue was re-

suspended in 2 mL of 70: 30 H2O: ACN supplemented with 0.1% TFA. The 

reaction mixture was purified by Prep Method A, collected, frozen on dry ice and 

lyophilized to dryness as a white TFA salt (6.9 mg, 12%). The product was 

further purified using Analytical Method B to obtain 4 mg of highly purified 

compound. 1H-NMR (400 MHz; D2O): δ  8.60 (s, 1H), 8.34 (s, 1H), 7.18 (d, J = 

8.7 Hz, 2H), 7.12 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 6.70 (d, J = 8.5 Hz, 

2H), 6.14 (d, J = 5.5 Hz, 1H), 5.32 (s, 1H), 5.05 (s, 1H), 4.54-4.53 (m, 1H), 4.50 

(d, J = 5.3 Hz, 1H), 4.32 (t, J = 7.3 Hz, 1H), 4.22-4.19 (m, 2H), 3.97 (s, 1H), 3.84-

3.74 (m, 5H), 3.52 (dd, J = 10.2, 4.5 Hz, 1H), 3.37 (app. t, J = 6.9 Hz, 3H), 3.27-

3.22 (m, 2H), 3.04 (app. t, J = 7.1 Hz, 3H), 3.00-2.92 (m, 2H), 2.34 (app. t, J = 

6.9 Hz, 2H), 1.70 (q, J = 7.7 Hz, 2H), 1.48 (ddt, J = 29.3, 14.7, 7.2 Hz, 4H), 0.87 

(s, 3H), 0.74 (s, 3H). HRMS (ESI) calculated for C46H68N14O23P3 S 1309.3510; 

Found 1309.3520 [M+H]+. 
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L-[p-(hydroxy)phenyl]glycine-L-arginine-D-[p-(hydroxy)phenyl]glycine-L-

seryl-pantetheine (9). To a 250 mL pressure flask, protected peptide 5 (210 mg, 

0.318 mmol) was dissolved in 10 mL of reagent grade THF. To this solution was 

added a catalytic amount of Pd-OH/C and the tetrapeptide was hydrogenated 

under 1 atm. of H2 for 12 h. The mixture was filtered through Celite, washed with 

THF (3 x 50 mL) and the organic filtrate was concentrated in vacuo and used in 

the next reaction without further purification.  

 To a 10 mL round-bottomed flask equipped with a magnetic stir bar, 

freshly hydrogenolyzed tetrapeptide was dissolved in 2 mL of reagent grade DMF 

and to this solution was added DIPEA (166 μL, 0.95 mmol) and cooled to 0 °C 

with an ice-bath. To this solution was added PyBOP (182 mg, 0.350 mmol) and 

pantetheine dimethyl ketal33 (112 mg, 0.350 mmol) and the reaction mixture was 

stirred for 30 min at room temperature. The solution was diluted with 50 mL of 

EtOAc and washed with sat. aq. NH4Cl (2 x 20 mL), sat. aq. NaHCO3 (1 x 20 mL) 

and brine (1 x 20 mL). The EtOAc extract was concentrated in vacuo to a viscous 

oil, which was re-dissolved in 2 mL 70: 30 ACN: H2O. The product was purified 

by Prep Method B, collected on dry ice and lyophilized to dryness. The freshly 

lyophilized product was dissolved in 5 mL of reagent grade TFA and stirred at 

room temperature for 15 min. The TFA was removed in vacuo and the residue 

was re-suspended in 2 mL of 70: 30 H2O: ACN supplemented with 0.1% TFA. 

The reaction mixture was purified by Prep Method A, and the product was 

collected, frozen on dry ice and lyophilized to dryness as a white TFA salt (167 

mg, 54%). The product was further purified using Analytical Method B to obtain 7 
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mg of highly pure compound. 1H-NMR (400 MHz; D2O): δ  7.17 (d, J = 8.5 Hz, 

2H), 7.12 (d, J = 8.5 Hz, 2H), 6.81 (d, J = 8.2 Hz, 2H), 6.73 (d, J = 8.2 Hz, 1H), 

5.30 (s, 1H), 4.99 (s, 1H), 4.50 (t, J = 4.8 Hz, 1H), 4.29 (t, J = 7.4 Hz, 1H), 3.87 (s, 

1H), 3.79 (d, J = 5.0 Hz, 1H), 3.69 (dd, J = 12.1, 4.2 Hz, 1H), 3.39 (d, J = 11.0 Hz, 

1H), 3.37-3.32 (m, 2H), 3.27 (d, J = 11.0 Hz, 1H), 3.25-3.23 (m, 1H), 3.15 (t, J = 

6.2 Hz, 1H), 3.04-3.00 (m, 2H), 2.96 (q, J = 6.0 Hz, 1H), 2.82 (app. t, J = 7.6 Hz, 

1H), 2.31 (q, J = 6.1 Hz, 2H), 1.68-1.63 (m, 2H), 1.42 (dtd, J = 28.8, 14.3, 7.1 Hz, 

2H), 0.80 (s, 3H), 0.77 (s, 3H). HRMS (FAB) calculated for C39H54N9O11 S 

820.36635; Found 820.36592 [M+H]+. 

 

Synthesis of compounds 10-16 

Syntheses of peptidyl pantetheine and peptidyl SNAC compounds 10-16 were 

conducted as described previously.33 

 

5.4.4 Assay Conditions 

In-vitro reconstitution of module 5 activity 

Assay Buffer: 50 mM HEPES, 25 mM NaCl, 1 mM TCEP, pH 7.5 

Protein constructs PCP4 module 5 and M5*H792A were converted to their holo 

forms by an Sfp-mediated transfer of the desired substrate with the apo-construct. 

In a 1.5 mL tube, 200 μM apo-PCP4 was incubated with 300 μM of 43 in assay 

buffer supplemented with 10 mM MgCl2. Phosphopantetheine transfer was 

initiated by the addition of 2 μM of Sfp and the reaction was left to stand for 45 

min at room temperature. To a separate 1.5 mL tube, 20 μM of apo-module 5 
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construct was incubated with 40 μM coenzyme A in assay buffer supplemented 

with 10 mM MgCl2. Phosphopantetheine transfer was initiated by the addition of 2 

μM of Sfp and the reaction was left to stand for 45 min at room temperature. This 

procedure was then duplicated in a separate tube for the apo-M5*H792A 

negative control. After 45 min, excess coenzyme A and peptidyl-CoA substrate 

was removed by centrifugation though a 0.500 mL 10 kMWCO Amicon Ultra 

centrifugal filter (Millipore). The filtrate was discarded and the freshly generated 

holo-constructs were resuspended in assay buffer. 

 Holo-module 5 and holo-M5*H792A constructs were supplemented with 5 

mM ATP and 2 mM L-pHPG and left to stand for 5 min. Condensation reactions 

were initiated by adding equal volumes of L-pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4 

construct with holo-module 5 or holo-M5*H792A and left to stand for 2 h. 

Reaction final concentrations: 100 μM L-pHPG-L-Arg-D-pHPG-L-Ser-S-PCP4, 10 

μM holo-module 5 or holo-M5*H792A, 1 mM L-pHPG, 2.5 mM ATP in Assay 

Buffer.  Reactions were quenched with 0.2% TFA solution to acidify the reaction 

to pH 2 and the proteins were removed by centrifugation though 0.500 mL 10 

kMWCO spin columns. Samples were directly analyzed by HPLC analytical 

method A. Reactions were further analyzed by LC-HRMS by collecting peaks of 

interest over multiple injections on the HPLC, freezing the samples on dry ice 

and lyophilizing the samples to dryness. The concentrated samples were re-

suspended in 70 μL of 95: 5 water: ACN + 0.1% formic acid and directly analyzed 

by LC-MS. 
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 Reactions in which pantetheinyl substrates 7 or 9 were substituted for the 

holo-PCP4 construct contained 2 mM 7 or 9, 10 μM holo-module 5 or holo-

M5*H792A, 1 mM L-pHPG, 2.5 mM ATP in Assay Buffer. Reactions were 

quenched and analyzed analogously to the PCP4 containing reactions. 
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