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Abstract

Nonribosomal peptide synthetases are large, multi-domain enzymes that produce peptide mole-

cules with important biological activity such as antibiotic, antiviral, anti-tumor, siderophore and im-

munosuppressant action. The adenylation (A) domain catalyzes two reactions in the biosynthetic

pathway. In the first reaction, it activates the substrate amino acid by adenylation and in the second

reaction it transfers the amino acid onto the phosphopantetheine arm of the adjacent peptide carrier

protein (PCP) domain. The conformation of the A domain differs significantly depending on which of

these two reactions it is catalyzing. Recently, several structures of A–PCP di-domains have been

solved using mechanism-based inhibitors to trap the PCP domain in the A domain active site.

Here, we present an alternative strategy to stall the A–PCP di-domain, by engineering a disulfide

bond between the native amino acid substrate and the A domain. Size exclusion studies showed a

significant shift in apparent size when the mutant A–PCP was provided with cross-linking reagents,

and this shift was reversible in the presence of high concentrations of reducing agent. The cross-

linked protein crystallized readily in several of the conditions screened and the best crystals diffracted

to ≈8 Å.
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Introduction

Nonribosomal peptide synthetases (NRPSs) are large macromole-
cular enzymes that catalyze peptide bond formation between mono-
meric subunits to produce nonribosomal peptide molecules (NRPs)
with important biological and therapeutic activity (Konz and
Marahiel, 1999; Schwarzer et al., 2003; Fischbach and Walsh,
2006; Felnagle et al., 2008). The substrates used by NRPSs to make
NRPs include the 20 ‘normal’ amino acids, but in total over 500
monomers are known to be utilized, including D-amino, aryl amino,
keto, hydroxyl and fatty acids (Caboche et al., 2008). Two examples
of the thousands of NRPs are the well-known antibiotic penicillin
(van Liempt et al., 1989) and the immunosuppressant cyclosporin
A (Zocher et al., 1986), each of which completely transformed

medicine in the 20th century (Tedesco and Haragsim, 2012;
Zaffiri et al., 2012).

NRPSs are organized into repeatingmodules, with eachmodule re-
sponsible for adding one substrate to the growing NRP, in an
assembly-line manner (Konz andMarahiel, 1999). The basic architec-
ture of a module includes a condensation (C) domain, an adenylation
(A) domain and a peptide carrier protein (PCP) domain (Fig. 1A), with
each domain performing specific roles in peptide synthesis (Weber and
Marahiel, 2001). The first two reactions of the synthetic cycle are per-
formed by the A domain (Fig. 1B). The A domain first selects the ap-
propriate substrate using awell-characterized binding site (Conti et al.,
1997; Stachelhaus et al., 1999), binds ATP and catalyzes adenylation
to produce an activated aminoacyl adenylate. Next, the A domain
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catalyzes the transfer of the amino acyl moiety to the thiol group of
prosthetic phosphopantetheine (PPE) arm attached to the PCP domain
(Sundlov et al., 2012). The amino acyl-PCP domain then moves to the
C domain, where, through peptide bond formation, it accepts and
elongates the peptidyl group from the peptidyl–PCP domain of the up-
streammodule. The elongated peptidyl–PCP then donates the peptidyl
group to the downstream amino acyl-PCP through a peptidyl transfer-
ase reaction at the downstream C domain, continuing peptide elong-
ation and freeing the PCP for another round of its synthetic cycle.

Normally, the number and order of the modules correspond to the
length and sequence of amino acids in the peptide product (Fischbach
and Walsh, 2006). NRPS assembly lines can consist of a single huge
polypeptide of between 2 and 18 modules, with a mass of ∼220
kDa–2.2 MDa, or be split over multiple proteins which assemble
through noncovalent interactions.

The synthesis cycle performed by NRPSs requires high mobility, in
both domain movement and intra-domain conformational changes.
The PCP domain moves to interact with the A and C domains in its
own modules and the C domain of the downstream module, as well
as with any optional tailoring domains that may be present in the mod-
ule (Walsh et al., 2001; Samel et al., 2007; Frueh et al., 2008; Tanovic
et al., 2008; Sundlov et al., 2012; Sundlov and Gulick, 2013).
Intra-domain conformational changes have been observed with all
core NRPS domains. The PCP domain is known to adopt different
conformations depending not only on its functional state (Koglin
et al., 2006), but also upon interactions with other NRPS domains
(Frueh et al., 2008). The twoN and C terminal halves of the C domain
can move relative to each other (Samel et al., 2007; Bloudoff et al.,

2013). X-ray crystallographic structures show that the A domain
adopts distinct conformations for performing the adenylation and
thioesterification reactions, with its C-terminal subdomain (Asub)
undergoing a rotation of ∼140° between the two catalytic states
(Fig. 1C) (Conti et al., 1997; May et al., 2002; Reger et al., 2008;
Tanovic et al., 2008; Yonus et al., 2008; Drake et al., 2010;
Mitchell et al., 2012; Sundlov et al., 2012).

Recent studies have used mechanism-based inhibitors to produce
A–PCP di-domain samples locked with A and PCP in the catalytic
state for thioesterification (Mitchell et al., 2012; Sundlov et al.,
2012; Sundlov and Gulick, 2013). These vinyl sulfonamide adenylate
analogs mimic the aminoacyl adenylates formed in the A domain. The
A domain will catalyze the nucleophilic attack of the PPE arm thiol on
the vinyl sulfonamide analog, but the adenine moiety is not released in
the reaction. This produces a dead-end substrate analog, noncova-
lently bound at the A site and covalently linked to the PCP domain
(Qiao et al., 2007). These compounds enabled structure determination
of A–PCP di-domains which was not possible without such a stalling
mechanism, providing a wealth of information about the thioesterifi-
cation step of NRP synthesis. In this study, we present an alternative
strategy for stalling NRPSs with the PCP domain locked to the A
domain.

Our experiments are performed with the second module of
δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine (ACV) synthetase from
Penicillium chrysogenum (van Liempt et al., 1989). ACV synthetase
is a tri-modular NRPS which is responsible for synthesizing the
NRP ACV (Fig. 1D(i)), the core structure of the β-lactam antibiotics,
including the well-known penicillin and cephalosporin groups of

Fig. 1 Schematic diagrams for ACV synthetase NRPS and products. (A) Schematic diagram showing the domain organization of P. chrysogenumACV synthetase (E:

epimerization domain, TE: thioesterase domain). (B) Schematic diagrams showing the two reactions performed by the A domain. (C) Ribbon diagram showing the

140° rotation of the A subdomain (labeled Asub) between the adenylation (orange) and thioesterification (yellow) conformations. A domains of PheA (PDBID:1AMU,

orange) and PA1221 (PDBID:4DG9, yellow) were superimposed using themain bodyof the A domain (labeled A). PheA substrates are shown in gray spheres tomark

the active site. (D) The chemical structures of (i) the tri-peptide product of ACV synthetase and (ii) penicillin G.
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antibiotics. ACV is modified by isopenicillin N synthase and transami-
nated by isopenicillin N N-acyltransferase to produce mature penicil-
lin G (the compound commonly referred to as ‘penicillin’) (Fig. 1D(ii)).
Penicillin acts by inhibiting peptidoglycan cell-wall synthesis in bac-
teria. Penicillin itself is on the World Health Organization’s List of
Essential Medicines (World Health Organization, 2013) and has
saved millions of lives worldwide (Zaffiri et al., 2012), while dozens
of other β-lactams are in common use in modern clinics.

Here, we report a strategy to constrict the mobile PCP domain of
NRPSs using an engineered disulfide cross-link between the amino
acyl-PCP and the A domain. For this strategy, we cloned and expressed
the A–PCP di-domain from the second module of ACV synthetase of
P. chrysogenum, with a cysteine mutation engineered into the A
domain active site. Under cross-linking conditions, we observed a sig-
nificant shift in apparent size of the protein by size exclusion chroma-
tography, which was reversible in the presence of high-reducing agent.
The cross-linked protein was able to be crystallized in several different
conditions.

Materials and methods

Cloning

The A–PCP constructs were designed by aligning the sequence of the
second A and PCP domains of ACV synthetase from P. chrysogenum
to A and PCP domains of known structure (Conti et al., 1997; Samel
et al., 2007; Tanovic et al., 2008; Yonus et al., 2008). The gene se-
quence was amplified by PCR from plasmid pESC-npgA-pcbAB
(Siewers et al., 2009) using the following oligonucleotides: GATCA
CATGTATACCACGCTTCATGAGATG (ACVSA-PCP2For, PciI site
underlined) and ATATGTCGACATCGTTCAGGATCAAGT (ACVSA_
PCP2Rev, SalI site underlined). After amplification, the PCR product
was digested with PciI and SalI restriction enzymes and ligated using
T4 DNA ligase (NEB) into the vector pET28a (Novagen), which had
been digested with the restriction enzymes NcoI andXhoI to create com-
patible sticky ends. The ligated vector was transformed into DH5α com-
petent cells, and clones from the resulting colonies were verified by
sequencing. Ligation of the compatible PciI and NcoI sticky ends caused
the mutation of a single base in the desired coding sequence from a G to
T, resulting in the substitution of an aspartate to a tyrosine in the protein
sequence. This was corrected by standard site-directed mutagenesis
methods using the following primer pair: AAGAAGGAGATATACC
ATGGGCAGCCTGGAGTATCTC (A-PCP2QKFor, mutated base
underlined) and GAGATACTCCAGGCTGCCCATGGTATATCTCC
TTCTT (A-PCP2QKRev, mutated base underlined) to generate the plas-
mid pA–PCP2, comprising the A and PCP domains of the second mod-
ule of ACV synthetase with a C terminal hexahistidine tag. The valine to
cysteine mutation at residue number 296 (pA–PCP2 numbering) was in-
troduced by standard site-directed mutagenesis methods using the fol-
lowing primer pair: CGCCGTGTGGACTGCTGCGGGGAGGCG
TTCAGC (A-PCP2V296CQKFor, mutated bases underlined) and
GCTGAACGCCTCCCCGCAGCAGTCCACACGGCG (A-PCP2V296
CQKRev, mutated bases underlined) to generate the plasmid pA–
PCP2V296C.

Protein expression and purification

The pA–PCP2 or pA–PCP2V296C plasmid was transformed into BL21
(DE3) cells and plated onto kanamycin selective plates at 37°C. Single
colonies were used to inoculate LB starter cultures containing kanamy-
cin, which were grown at 37°C for 16 h and then used in a 1:100 di-
lution to inoculate 1 l of TB supplemented with kanamycin. Cultures

were grown at 37°C until the OD600 reached 1.0 at which time the
temperature was reduced to 16°C. After a further hour, cultures
were induced with 0.1 mM IPTG. Cells were grown for 16 h before
harvesting by centrifugation and either used immediately or stored
at −80°C for later use.

Cell pellets were homogenized in 2 ml buffer A (137 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4, 5 mM
imidazole, 1 mM PMSF and 0.5 mM β-mercaptoethanol (βME)) per
gram of cells, supplemented with several crystals of DNase (BioShop)
and one cOmplete EDTA-free protease inhibitor tablet (Roche). Cells
were lysed by two passages through an EmulsiFlex-C3 homogenizer
(Avestin) at 15 000 psi operating pressure. Cellular debris and unlysed
cells were removed by centrifugation at 18 000 g for 30 min at 4°C. The
supernatant was incubated with 2 ml Ni2+ charged Profinity IMAC
resin (BioRad) for several hours at 4°C. After centrifugation at 500 g,
the supernatant was removed and the resin was incubated with 50 ml
buffer A containing 25 mM imidazole for 10 min. The sample was
then centrifuged again and the supernatant was removed again.
Finally, the resin was incubated for 10 min with 50 ml buffer B (as buf-
fer A, but 250 mM imidazole) to release protein from the resin. Sample
was centrifuged and the supernatant taken as partially purified protein.
To increase yields, these steps were repeated iteratively with the sample
that did not bind resin in the initial incubation.

The partially purified protein was loaded onto a 5 ml Q-sepharose
HP column (GE Healthcare) equilibrated in buffer C (20 mMHEPES,
pH 7.4, 50 mM NaCl, 0.5 mM βME). The column was then washed
with 50 ml of 45% buffer D (as buffer C but 500 mM NaCl) and
bound protein was eluted on a 50 ml gradient to 60% buffer D.

The eluted fractions were diluted 1:1 with buffer E (20 mMHEPES,
pH7.4, 200 mMNaCl, 0.2 mM βME) containing 2 M ammonium sul-
fate and loaded on a 1 ml PhenylHP column (GE Healthcare), equili-
brated in buffer E containing 1 M ammonium sulfate. Bound protein
was eluted on a 100 ml gradient to buffer E.

Size exclusion chromatography

Concentrated protein was applied to a Superdex-200 10/300 column
(GE Healthcare) equilibrated in buffer E and eluted in the same buffer
at 0.4 ml/min. Blue dextran (2 MDa), thyroglobulin (669 kDa), apo-
ferritin (443 kDa), alcohol dehydrogenase (200 kDa) and bovine
serum albumin (66 kDa) were used as molecular weight standards.

Cross-linking

A–PCP2V296C in buffer E was incubated with 12.5 mMMgCl2, 1 mM
ATP and 2 mM cysteine at 37°C for 30 min. Cysteine and ATP were
removed from the reaction mixture by serial dilution and concentra-
tion using a 30 kDa molecular weight cutoff Amicon Ultra concentra-
tor (Millipore). Phosphopantetheinylation was then performed using
10 nM Sfp, 12.5 mMMgCl2 and 1 mMCoA for 1 h at 22°C, prior to
subjecting the sample to size exclusion chromatography.

Crystallization

Sparse matrix screening was performed to identify crystallization con-
ditions using the sitting drop, vapor diffusion method. Drops were set
up in 96-well trays with commercially available screens using a Crystal
Phoenix crystallization robot (Art Robbins Instruments) by combining
0.1 µl protein solution with 0.1 µl reservoir solution. Drops were equi-
librated against 50 µl reservoir solution at 22°C.

Prior to data collection, crystals were cryo-protected by dipping
the looped crystal in 4.5 M sodium formate. Diffraction images
were collected using a Rigaku micromax rotating copper-anode
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generator fitted with varimax HF optics and a Saturn 944+ CCD
(Rigaku, Tokyo, Japan) at the Centre for Structural Biology at
McGill University, Montreal, Canada, and indexed with HKL2000
(Otwinowski and Minor, 1997).

Results

Rationale for engineered disulfide approach

At the time we initiated this project, the catalytic conformation
adopted by the A and PCP domains for the thioesterification reaction
was not known. We reasoned that restricting an A–PCP di-domain
construct to a single conformation would greatly increase the chance
of crystallization, which has proven correct, as illustrated by A–PCP
di-domain structures locked with vinyl sulfonamide adenylate analogs
(Mitchell et al., 2012; Sundlov et al., 2012; Sundlov and Gulick,
2013). We devised a different approach to lock the A and PCP do-
mains together: engineering a disulfide cross-link between the amino
acyl moiety in amino acyl-ACP and the amino acid binding site in
the A domain. For proof of principle, we chose to use the second mod-
ule of ACV synthetase from P. chrysogenum. Module 2 of ACV
synthetase has cysteine as its substrate, meaning the native substrate
could be used in combination with an A–PCP construct with a single
point mutation to form the desired disulfide cross-link, making it an
ideal candidate for this study.

To select a target residue for introduction of the cysteine mutation,
a homology model of A–PCP2 with bound substrate was made with
the server SWISS-MODEL (Biasini et al., 2014) using the co-complex
crystal structure of the first A domain of gramicidin S synthetase I from
Bacillus brevis with its substrate phenylalanine (Conti et al., 1997).
Valine 296 was identified as the most promising residue to mutate
to cysteine to allow disulfide bond formation (Fig. 2A). This mutation
places the two thiols in close proximity (2.3 Å), does not cause steric
disruption in the active site, and does not alter the domain specificity
away from cysteine as assessed by the NRPSpredictor2 webserver
(Rottig et al., 2011).

Cloning, expression and purification of A–PCP2 and

A–PCP2V296C

The gene construct of A–PCP2 was designed based on domain bound-
aries, established using alignments to previously determined A and
PCP structures to create the A–PCP ‘wild-type’ construct. Site-directed
mutagenesis was used to introduce the V296C point mutation to
create the PCP2V296C construct.

A–PCP2 protein was heterologously expressed in large scale using
BL21 (DE3) Escherichia coli and TB media. A purification protocol of
nickel affinity, anion exchange and hydrophobic interaction chroma-
tography, and size exclusion chromatography was established to pro-
duce highly pure protein sample (Fig. 3A, inset). A–PCP2 eluted from
the gel filtration column at approximately the same volume as the
232 kDa molecular weight standard (Fig. 3A). The molecular weight
of A–PCP2 is 68 kDa, suggesting the protein likely forms a trimer or
tetramer. The final yield of A–PCP2was <0.5 mg protein/l growth cul-
ture due to low expression. A–PCP2V296C was expressed and purified
by the same protocol with the same yield and also eluted with the same
molecular weight as the wild-type protein (Fig. 3A), indicating that the
mutation did not destabilize the protein.

A–PCP2 cross-linking

The disulfide cross-link was formed by incubating cysteine with
A–PCP2V296C in the presence of ATP, which covalently attaches the

substrate and resulting adenylate to the A domain binding site. The
promiscuous PPE transferase Sfp (Quadri et al., 1998) was then
used to load the PPE group from coenzyme A, which allows attack
of the PPE arm on the adenylate, producing cysteinyl-PCP covalently
attached to the A domain amino acid binding site (Fig. 2B).

Cross-linked A–PCP2V296C was observed to shift elution volume
by the size exclusion chromatography, eluting slightly after the
443 kDa molecular weight standard (Fig. 3). To demonstrate that it
was the cysteine cross-linking that was responsible for this change in
the protein, the purified, cross-linked sample was incubated with
10 mM βME to break the cross-link and then reapplied to the size ex-
clusion column and eluted in buffer containing 5 mM βME. The pro-
tein now eluted with a molecular weight corresponding to that of
uncross-linked protein (Fig. 3B). Furthermore, the observed shift
was dependent on both cysteine and PPE, as control experiments in
which either the cysteine or Sfp was omitted from the reactions did
not show the shift (Fig. 3C and D), indicating that both Sfp and cyst-
eine are essential for cross-linking to occur. No substantial difference
was observed in the elution position of the wild-type protein under
cross-linking and non-cross-linking conditions (Fig. 3E).

Crystallography of A–PCP2V296C

Cross-linked A–PCP2V296C was subjected to sparse matrix screening
at a protein concentration of 4 mg/ml using commercially available
screens JCSG+, Classics I and Classics II (Qiagen). Crystals appeared
in multiple conditions after several days (Fig. 4A). The best crystal,
grown with a precipitant of 3.5 M sodium formate, produced diffrac-
tion to ∼8 Å (Fig. 4B). Further optimization of growth conditions to
improve diffraction was not successful. The diffraction pattern was
indexed to a primitive hexagonal unit cell with cell edge lengths of

Fig. 2 Engineered disulfide cross-linking strategy to stall the A–PCP di-domain.

(A) Homology model of A–PCP2V296C showing cysteine 296 and the substrate

cysteine. (B) Schematic diagram of the A–PCP2V296C trapped engineered

disulfide cross-link. The dark orange sulfur atom represents the sulfur of the

cysteine introduced into the amino acid binding site of the A domain by

site-directed mutagenesis.

166 M.J.Tarry and T.M.Schmeing



a,b = 153.0 Å, c = 239.5 Å. Matthews probabilities and solvent con-
tent calculations indicate it is likely to belong to space group P6,
with a 58% solvent content and four copies of A–PCP2V296C per
asymmetric unit. Wild-type A–PCP2 also crystallized in some condi-
tions, but never produced a crystal with the size or diffraction potential
of this A–PCP2V296C crystal.

Discussion

NRPSs are dynamic enzymes that must undergomany conformational
changes during the synthesis of their small peptide products.
Developing methods to stall NRPSs at specific stages in the reaction
cycle is vital to understanding the precise mechanisms of the pathway.

Fig. 3Specific cross-linking alters the elution profile of the A–PCP2 di-domain in size exclusion chromatography. (A) Elution profiles of thewild type andA–PCP2V296C

proteins show no shift in apparent molecular weight. The elution volume and weight (kDa) of protein standards are shown. Inset: SDS-PAGE of purified

A–PCP2V296C, with molecular weight makers (kDa) given to the left. (B) Elution profiles of cross-linked A–PCP2V296C before and after incubation with 10 mM βME

show the shift is dependent on oxidizing conditions. (C) Elution profiles of A–PCP2V296C after undergoing the cross-linking protocol with and without the PPTase Sfp

show the shift is dependent on the phosphopantetheinyl arm. (D) Elution profiles of A–PCP2V296C after undergoing the cross-linking protocol with and without the

cysteine substrate show the shift is dependent on cysteine. (E) The wild-type A–PCP2 protein eluted at the same volume under cross-linking and non-cross-linking

conditions. A newer size exclusion column was used in panel E.

Disulfide cross-linking to stall nonribosomal peptide synthetases 167



In this study, we present a novel strategy to isolate and crystallize an
A–PCP di-domain in a defined conformation.

The A domain catalyzes two reactions in the NRPS cycle. Almost
two decades ago, Conti et al. determined the structure of the A domain
of gramicidin S synthetase I with its substrate phenylalanine and an
adenosine nucleotide (Conti et al., 1997). This seminal structure
helped to explain the mechanism of adenylation and led to the excel-
lent understanding of substrate selection that allows robust substrate
prediction from gene sequence (Stachelhaus et al., 1999; Challis et al.,
2000; Rausch et al., 2005; Rottig et al., 2011).

Visualizing and understanding the second reaction catalyzed by
the A domain was achieved only recently. This required both the A do-
main and the phosphopantetheinyled PCP domain, which is the ac-
ceptor substrate in the thioesterification reaction. Crystallographic
trials with unmodified A–PCP di-domain did not produce the desired
structures; density was visible only for the A domain and not the PCP
domain, likely because of the transient nature of the interaction be-
tween the domains (Mitchell et al., 2012). However, with the use of
dead-end mechanism-based inhibitor vinyl sulfonamide adenylate
analogs to promote the interaction between the A and PCP domains
(Fig. 5), both domains were visible and observed in a productive con-
formation (Mitchell et al., 2012; Sundlov et al., 2012; Sundlov and
Gulick, 2013). These structures showed the dramatic 140° rotation
of the Asub domain required to catalyze the thioesterification reaction

(Fig. 1C) (Zettler and Mootz, 2010; Mitchell et al., 2012; Sundlov
et al., 2012; Sundlov and Gulick, 2013).

We have described an alternate approach to the use of vinyl sul-
fonamide adenylate analogs, an engineered disulfide cross-link to iso-
late the thioesterification complex of the PCP domain bound to the A
domain (Fig. 5C). In this method, cysteine is introduced into the amino
acid binding site of the A domain by point mutation and can form a
disulfide bond with a thiol in the amino acid substrate. This approach
avoids several disadvantages of using vinyl sulfonamide adenylates.
The vinyl sulfonamide adenylates have notoriously low affinities for
A domains (apparent Ki∼ 0.1–0.3 mM), orders of magnitude lower
than noncovalent intermediate analogs of the thioesterification reac-
tion (apparent Ki∼ 3 nM–3 μM) (Qiao et al., 2007). The kinetics of
the dead-end reaction are very slow, because the electrophile in the re-
action has been changed from a ketone group to an alkene group.
Together, this necessitates large excesses of inhibitor and multi-day in-
cubation times, during which the NRPS sample can become unstable
and precipitate (data not shown). Also, although in the published
cases the analog was sufficient to promote the interaction of the A
and PCP domains (Mitchell et al., 2012; Sundlov et al., 2012), the
vinyl sulfonamide adenylate is covalently attached only to the PCP do-
main and not to the A domain, so it is possible vinyl sulfonamide
adenyl-PCP can reposition away from the A domain. Indeed,
stand-alone A and vinyl sulfonamide adenyl-PCP domains have
been reported not to form a stable complex (Sundlov et al., 2012).
Furthermore, specific vinyl sulfonamide adenylates must be synthe-
sized for every A domain substrate, requiring a nontrivial synthesis
of at least eight total steps (Qiao et al., 2007; Mitchell et al., 2012;
Sundlov et al., 2012).

With the engineered disulfide approach, there is a covalent link be-
tween the thiol-aminoacyl-PCP and the A domain to physically lock
the two domains together, physically limiting the conformational
flexibility. There is no alteration in the reactive atoms of the A domain-
catalyzed reactions, allowing full locking within an hour. In addition,
this approach is much easier to export to new NRPS systems. Instead
of a lengthy and involved synthesis of novel vinyl sulfonamide adeny-
lates with the appropriate amino acid side chain, all that is required is a
single point mutation and a thiol-containing amino acid. The many
published A domain structures available (Conti et al., 1997; May
et al., 2002; Samel et al., 2007; Tanovic et al., 2008; Drake et al.,
2010; Mitchell et al., 2012; Sundlov et al., 2012; Sundlov and
Gulick, 2013) and automated modeling servers (Lambert et al.,
2002; Ashworth and Baker, 2009; Biasini et al., 2014) allow facile
generation of a homology model of the desired A domain to inform
point mutation design, and many amino acids with thiol substitutions
are commercially available. For example, available thiol-substituted
analogs include, for valine: penicillamine and aminomercaptobuta-
noic acid; for phenylalanine: 2- 3- or 4-mercaptophenylalanine; for
alanine: cysteine (SciFinder, American Chemical Society). It should
also be noted that the two approaches target close, but different stages
in the reaction cycle—the vinyl sulfonamide adenylates stall the reac-
tion in an intermediate-like state, whereas the disulfide cross-link traps
the product state (Fig. 5).

We used homologymodeling of the A domain of domain 2 of ACV
synthetase to produce an A–PCP2V296C di-domain construct that
could be trapped by a disulfide, covalently linking the PCP domain
to the A domain active site. We observed a significant shift in the ap-
parent molecular weight only for A–PCP2V296C and not for wild-type
A–PCP2. The shift was dependent on both cysteine and the phospho-
pantetheinyl arm, and was reversed by reducing agent. Shifting to a
higher apparent molecular weight initially seems unexpected, as a

Fig. 4 Crystallography of cross-linked A–PCP2V296C. (A) Crystals of A–PCP2V296C

grown in 3.5 M sodium formate. The biggest crystals had dimensions of

∼100 µm × 20 µm × 20 µm and appeared after several days. (B) X-ray

diffraction image of a crystal of A–PCP2V296C showing a diffraction limit of∼8 Å.
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restricted A–PCP structure might be expected to have a more compact
conformation than an unrestricted structure. We propose that the ap-
parent size increase is likely due to locking of a PCP to the A domain of
a neighboring A–PCP2V296C di-domain in the oligomeric assembly, as
was observed in the crystal structure of the EntBE A–PCP di-domain
(Sundlov et al., 2012). Likewise, that our wild-type A–PCP2 protein
was able to form crystals, albeit never to the size or diffraction poten-
tial of A–PCP2V296C, is consistent with reports of Mitchell et al. that
an uninhibited A–PCP di-domain construct of protein PA1221 could
form crystals, but the PCP was visible only with stalling with vinyl
sulfonamide adenylates (Mitchell et al., 2012).

NRPSs are fascinating enzymes with interesting and complicated
synthetic cycle and immense potential for production of novel thera-
peutics. A complete structural characterization is essential to under-
stand and exploit NRPSs, and techniques to lock them in particular
conformations are required to potentiate successful structural study.
Our A–PCP disulfide cross-linking approach could be a very useful
tool to allow successful structure determination of di-domain
constructs or indeed entire multimodular NRPS megaenzymes.
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