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Abstract

In an effort to elucidate and engineer interactions in type Il nonribosomal peptide synthetases, we
analyzed biomolecular recognition between the essential peptidyl carrier proteins and adenylation
domains using NMR spectroscopy, molecular dynamics, and mutational studies. Three peptidyl
carrier proteins, PigG, PItL, and RedO, in addition to their cognate adenylation domains, Pigl,
PItF, and RedM, were investigated for their cross species activity. Of the three peptidyl carrier
proteins, only PigG, showed substantial cross-pathway activity. Characterization of the novel
NMR solution structure of #0/o-PigG and molecular dynamic simulations of /#o/o-PItL and holo-
PigG revealed differences in structures and dynamics of these carrier proteins. NMR titration
experiments revealed perturbations of the chemical shifts of the loop 1 residues of these peptidyl
carrier proteins upon their interaction with adenylation domain. These experiments revealed a key
region for the protein-protein interaction. Mutational studies supported the role of loop 1 in
molecular recognition, as mutations to this region of the PCPs significantly modulated their
activities.
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Type Il non-ribosomal peptide synthetases (NRPSs) participate in hybrid biosynthetic
pathways with fatty acid synthases, polyketide synthases, and type | NRPSs, =3 producing
complex natural products that often demonstrate valuable antimicrobial (pyoluteorin®
vancomycin®, and kutznerides’- 8) and antitumor (prodiginines®, actinomycinl0-13 and
C-102714) activities. Type 11 NRPSs typically modify amino acids through oxidations,
hydroxylations, and chlorinations,15-19 and these precursors provide unique features and
diversity to natural products. Given their makeup of primarily stand-alone proteins, type I
NRPSs are ideal targets for metabolic engineering efforts and study by solution-state NMR
methods. Common to all NRPS pathways are the peptidyl carrier protein (PCP) and
adenylation (A) domains; their activities are essential for incorporation of amino acids into
the biosynthetic machinery. We and others have recently shown that PCPs sequester
substrates and intermediates,? 20 a feature likely to protect against substrate degradation
until downstream enzymes become available for further chemical processing. The A domain
facilitates covalent attachment of an amino acid to #0/o-PCP at the thiol terminus of 4’-
phosphopantetheine (Figure 1B), a cofactor post-translationally attached to a conserved
serine on the PCP.21. 22 Adenylation, using adenosine triphosphate (ATP) as a second
substrate, serves as the sole entry for amino acids into NRPS pathways. Loading of PItL and
PigG occurs by a two-step process: formation of prolyl adenylate from proline and ATP
followed by transfer of the prolyl moiety to the PCP via aminoacylation of terminal thiol of
phosphopantetheine. Crucially, understanding the recognition surfaces of the PCP and A
domain interactions may allow for control of substrate incorporation into products.

Recent crystal structures of bound PCP<A domains have revealed the interfaces of these
complexes,23-26 yet they cannot provide insights into the dynamic interactions that control
the binding event. We have therefore chosen to compare the interactions of homologous type
Il PCP+A domains that catalyze an identical transformation: the incorporation of L-Pro in
the first steps of prodigiosin, pyoluteorin, and undecylprodigiosin biosynthesis carried out
by the PCP+A domain pairs PigGePigl, PItL+PItF, and RedO<RedM, respectively (Figure
1A). Aminoacylation assays revealed different specificities between the homologous PCP-A
domain partners. We utilize solution-phase NMR and MD simulations on the less
homologous PItL and PigG PCPs to decipher the differences in their specificities. In
addition, mutagenesis followed by activity assays were carried out on PItL and PigG in an
attempt to modulate aminoacylation.

Previously, the homologous PCPs and A domains in the undecylprodigiosin and pyoluteorin
pathways were shown to be specific for their cognate partner.1®> We further examined the
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activity of PigG and Pigl with these homologous pairs by monitoring the production of
aminoacylated PCP product. Ho/o-PCP and A domain were incubated in the presence of
proline and ATP for 5 min, then quenched with formic acid, and the substrate-loaded PCP
species was observed by HPLC (Section C3 and Figure S1 of the Supporting Information).
The assay confirmed that PItF and RedM loaded proline specifically onto their cognate
PCPs, PItL and RedO, respectively (Figure 1B). Interestingly, RedO has slight recognition
by Pigl, while PigG was aminoacylated by all three A domains. The promiscuity of PigG is
surprising, especially for PItF, considering the low seqgamuence identity (25.0%) between
PigG and PItL. The identity between the prodiginine PCPs PigG and RedO is significantly
higher (39.8%) (Figure S2 of the Supporting Information). The results reveal varying
specificities between partners and provide a set of model systems to study the important
interfaces for protein-protein recognition in type Il NRPS systems. PigG’s observed
promiscuity encouraged us to perform structural studies comparing PigG and the well-
studied, non-prodiginine PCP PItL.

We began by determining the NMR solution structure of /0/o-PigG to facilitate comparisons
with our previous Ao/o-PItL solution-state NMR structure (Figure 2) (Figures S3-S5 and
Table S1 of the Supporting Information). Previously reported, NMR solution structures of
PItL in Aolo- and pyrrolyl forms demonstrated that, like type 11 fatty acid and polyketide
carrier proteins,2 27- 28 type 11 PCPs have the capacity to sequester their substrates. Holo-
PigG and holo-PItL have similar structural features. Both possess a unique interruption in
helix I11,2 and the N-terminal portion of helix Il in both PCPs has slight positive potential
that could form electrostatic interactions with an A domain, as this PCP region is proximal
to the A domain in recent crystal structures PCP-A didomains (Figure 2C-D).23-26 |n
contrast, loop 1 of these PCPs varies significantly between the two structures (Figure 2C-D).
The loop 1 N-terminal region of PigG (residues 15-34) has a strong negative potential, while
the same region of loop 1 of PItL (residues 19-40) has a weak positive potential.
Interestingly in enterobactin biosynthesis, loop 1 of the PCP EntB is in close proximity to
the EntE Ag,, domain, a flexible C-terminal region of the A domain that is important for
PCP recognition (Figure S6 of the Supporting Information).23

To compare the structural dynamic differences between the two PCPs, conventional MD
(cMD) and Gaussian accelerated MD (GaMD) simulations were performed. Analysis of
simulation data sets revealed significantly larger backbone heavy root mean square
deviations (RSMDs) in h0/o-PigG indicating that PigG is less well-ordered than PItL (Figure
2E-F and Figures S7-S8 of the Supporting Information). The greater flexibility of /o/o-
PigG may allow it to sample conformations that can be recognized by non-cognate
adenylation domains.

NMR titration experiments were next performed for each PCP with the A domains PItF and
Pigl to inform the interface residues required for protein-protein recognition. To capture the
productive interactions between carrier protein and A domain in the presence of the struc-
turally important2® amino acid adenylate species, we performed titrations in the presence of
ATP and proline but with methyl protection of the #0/o-PCP thiol to prevent aminoacylation.
Therefore, the A domain will catalyse adenylation (prolyl-AMP formation), but not
thioesterifcation (prolyl-PItL) during the titration. The S-methylated #0/o-PCP (mholo-PCP)
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was generated by synthesizing a methylated coenzyme A (CoA) (Figure S9 of the
Supporting Information), which was subsequently covalently ligated to 4po-PCP by the
action of Sfp.2L: 22 1H-15N HSQC spectra were collected using m#Aolo-1>N-PItL or
mholo-15N-PigG solutions with PCP+A domain molar ratios ranging from 0 to 1.6 and the
chemical shift perturbations (CSPs) and peak intensities of the assigned backbone peaks
were calculated (Figure 3 and Figures S10-S11 of the Supporting Information). For PItL
titrations, significant linear peak perturbations and peak intensity loss were observed as PItF
concentrations in-creased, while no significant perturbations and intensity loss were
observed when Pigl was introduced (Figure 2A and 3A-C), indicating a lack of interaction
with the non-cognate A domain. For PigG titrations, significant peak perturbations and
intensity loss were observed as both Pigl and PItF concentrations were increased (Figure 2B
and 3D-E), which agrees with the PigG promiscuity seen in product formation assays
(Figure 1B). In fact, PigG NMR signal was effectively lost when PItF exceeded 0.4 molar
equivalence, suggesting that PigG has a significantly greater affinity for PItF than Pigl. The
NMR titrations coincide with the aminoacylation assay which indicate PItL is recognized
solely by PItF and PigG is recognized by both PItF and Pigl (Figure 1B). Interestingly, when
both PItL and PigG interacted with an A domain, significant peak perturbations and intensity
loss were observed in residues of loop 1 (Figures 2A-B and 3B-E). Furthermore, the
“diminished” residues of PigG at 0.4 equivalence PItF were located in loop 1 (residues 20—
21, 28-29, 32-33, 35) of PigG (Figure 3E and Figure S11 of the Supporting Information), an
indication of binding of this region to the significantly larger A domain. The dramatic loss of
PigG signal in presence of PItF is consistent with the decreased product formation by the
noncognate A domain compared to Pigl (Figure 1B); the greater affinity of PigG toward PItF
may delay product release and reduce overall turnover. Further inspection of the simulation
data with respect to the loops of these PCPs suggest subtle differences in their flexibilities.
The largest loop fluctuations in the PItL occur at the beginning of loop 1; whereas the end of
loop 1 undergoes greater fluctuations in PigG (Figure S12 of the Supporting Information).
Given this observation, we next performed mutational analysis on the PCPs to further assess
the importance of the loop 1 region.

Based on the difference in dynamics of the PCPs and the activity in loop 1 in the presence of
A domain, mutational studies were performed on the PCPs in three regions: residues on loop
1 (Figure 4, red), residues underneath loop 1 that interact with the region (Figure 4, blue),
and residues on helix I and Il that interact to hold the helices together via intramolecular
interactions (Figure 4, orange). Focusing on polarity differences and length of the loop,
residues of PigG were mutated to the corresponding residues on PItL in each region and
vice-versa (Figure 4A and S13). Each mutant PCP species was analyzed in the
aminoacylation assay with either PItF, Pigl, or RedM to determine the influence of the
different PCP regions. Mutant #0/o-PCP and A domain were incubated in the presence of
proline and ATP for 30 min, then quenched with formic acid, and the substrate-loaded PCP
species was observed by HPLC (Figure 4C and Figure S14 of the Supporting Information).
The recognition of PigG mutant species 1 by all three A domains is significantly reduced
compared to WT PigG and PigG mutant species 2 and 3. PItL mutant species did not
significantly alter recognition with the A domains, although the PItL mutant species 1 did
gain minimal function with RedM. The activities gained or lost for these mutants with the A
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domain illustrates the importance of loop 1 in the pyoluteorin and prodigiosin type Il PCPs
and highlights a region of carrier proteins that is critical to the specificities of molecular
recognition in type 11 NRPSs.

The type Il NRPS systems produce unique moieties in natural product biosynthesis, and
their architecture is highly ammenable to the engineering of biosynthetic pathways. Here we
demonstrated that type Il PCPs in homologous pathways present different specificity profiles
with regard to adenylation domain partners. Using NMR solution structures, MD
simulations, and NMR titration experiments, loop 1 of these PCPs was identified as essential
for recognition. These complement previous studies in the siderophore pathways,23: 30-32
demonstrating the significance of the loop 1 interface by altering A domain recognition in
pyrrole biosynthesis. The PCP helix Il surface is also considered to be a part of the PCP-A
domain interface in other systems.23 24 While our results indicate loop 1 is crucial for A
domain recognition, smaller CSPs in helix Il and higher mutation tolerance suggest helix I
is less important than loop 1 in pyrrole PCP+A domain recognition. NRPS pathways rely on
the fidelity of protein-protein interactions between each A domain and PCP cognate pair for
the proper loading of starter units. A fundamental understanding of the interacttions between
these partners should allow for engineering and eventual control over the identity of amino
acids incorporated in NRPS pathways. The PCP loop 1 should also be considered when
investigating other unique type Il partners, including halogenases and cyclopropanases.33: 34
Control over PCP and partner enzyme recognition will contribute to the future engineering
of carrier protein dependent pathways.
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Figure 1.

(A) Pyrrole formation in pyoluteorin and prodiginine biosynthesis. PCP, peptidyl carrier
protein; A, adenylation domain; DG, dehydrogenase. The black bar and teal circle above the
PCP denotes phosphopantetheine. (B) A domain activity with cognate and non-cognate
PCPs.
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Figure 2.
The solution NMR structures and electrostatic potentials (ESPs) of PCPs. (A,B) Strucutre of

holo-PItL and holo-PigG. Structure color maps represent the CSP in Figure 3. (C,D) ESPs of
holo-PItL (C) and holo-PigG (D). (E,F) Backbone (heavy atom) root mean square deviations
of holo-PItL (E) and ho/o-PigG (F). Data from 5 independent cMD simulations are colored
uniquely.
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Figure 3.
Perturbations of methylated Ao/o- (mholo-) PigG and mholo-PItL due to inter-action with A

domains. (A) IH-1°N HSQC overlays of mholo-1>N-PItL with increasing PItF
concentrations. (B,C) CSP plots (B) and intensity plots (C) of mholo-1N-PItL with PItF or
Pigl relative to mholo-15N-PItL alone. (D,E) CSP plots (D) and intensity plots (E) of
mholo->N-PigG with Pigl or PItF relative to mholo-°N-PigG alone.
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Figure 4.
PCP loop 1 modification alters interactions with homologous A domains. Residues were

mutated in loop 1 (red), underneath loop 1 (blue), and between helix | and Il (orange). (A)
Sequence alignment of PigG and PItL using MUSCLE.3® (B) holo-PigG NMR structure
docked to model structure of Pigl. Mutated residues are highlighted in red, blue, and orange
and are explained in (C). (C) Aminoacylation assays with mutated PigG and either Pigl or
PItF. Astericks indicate PItL mutant 2 species was not analyzed due to instability.

Biochemistry. Author manuscript; available in PMC 2018 October 10.



	Abstract
	Graphical Abstract
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

