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Abstract

Nonribosomal peptide synthetases (NRPSs) are microbial enzymes that produce a wealth of
important natural products by condensing substrates in an assembly line manner. The proper
sequence of substrates is obtained by tethering them to phosphopantetheinyl arms of holo carrier
proteins (CPs) via a thioester bond. CPs in holo and substrate-loaded forms visit NRPS catalytic
domains in a series of transient interactions. A lack of structural information on substrate-loaded
carrier proteins has hindered our understanding of NRPS synthesis. Here, we present the first
structure of an NRPS aryl carrier protein loaded with its substrate via a native thioester bond,
together with the structure of its holo form. We also present the first quantification of NRPS CP
backbone dynamics. Our results indicate that prosthetic moieties in both holo and loaded forms are
in contact with the protein core, but they also sample states in which they are disordered and
extend in solution. We observe that substrate loading induces a large conformational change in the
phosphopantetheinyl arm, thereby modulating surfaces accessible for binding to other domains.
Our results are discussed in the context of NRPS domain interactions.
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Introduction

Nonribosomal peptide synthetases (NRPSs) are enzymatic systems found in bacteria and
fungi responsible for the production of a myriad of secondary metabolites. These systems
are capable of generating exceptionally complex and diverse natural products from simple
starting materials such as amino and aryl acids by utilizing a modular architecture. Multiple
modules are arranged in an assembly-line fashion to comprise the full synthetase, an
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organization also encountered in related fatty acid synthases (FASs) and modular polyketide
synthases (PKSs).19 Each module within an NRPS is comprised of at least three core
domains whose combined action leads to the selection, activation, and incorporation of a
single small molecule into the growing peptide.1%-12 NRPS modules select starting materials
from a pool of hundreds of small molecules including the 20 standard L-amino acids, aryl
acids, and D-amino acids. Assembling these small molecules in a combinatorial fashion
creates the potential to generate enormous chemical and functional diversity. A central
aspect of this successful strategy is the covalent tethering of chemical substrates to the
assembly line, which occurs through so-called carrier proteins.

Each module within a NRPS is typically composed of at least an adenylation (A) domain, a
condensation (C) domain, and a thiolation domain, also called a carrier protein (CP). Apo-
CPs must first be activated to holo-CPs via attachment of a 4’-phosphopantetheine (PP)
moiety to a conserved serine by a phosphopantetheinyl transferase.® The PP provides a
thiol by which activated monomers and intermediate products are covalently tethered to the
synthetase through loaded-CPs. A domains load the substrates onto CPs by catalyzing two
distinct reactions. First, they select the amino or aryl acid to be incorporated and activate it
using ATP via formation of a high energy acyladenylate. Second, they load the activated
monomer onto CPs via formation of a thioester with the PP. C domains then catalyze amide
bond formation between products loaded on adjacent CPs, passing intermediates from an
upstream donor CP to a downstream acceptor CP and extending the peptide by a single
monomer. After the final monomer is incorporated, a thioesterase domain found in the final
module releases the peptide via hydrolysis or macrocyclization. During synthesis, NRPS
carrier proteins must interact with at least three different catalytic domains: a PPTase, an A
domain, and one or more C domains. Crystallographic and nuclear magnetic resonance
(NMR) studies have indicated that these interactions do not occur within the confines of a
rigid assembly of NRPS domains but through a succession of transient interactions
involving a dynamic quaternary structure.14-1° Understanding the role that chemical
modifications of CPs play in orchestrating this series of transient protein-protein interactions
is key to elucidating the molecular mechanism of NRPS synthesis.

Progress in understanding the molecular influence of PP and substrates on the function of
carrier proteins has been impeded by the lack of structural information on substrate-loaded
NRPS carrier proteins. There are several NMR and crystal structures of apo- and holo-CPs,
either isolated or together with other NRPS domains.12:14.15.20-28 Of these, the only two
solution structures of isolated holo carrier proteins have produced contradictory results with
respect to the influence of the PP moiety. In the first system, PP was found not only to bind
to its CP but also to dramatically influence conformational fluctuations.22 In the second
study, the protein core of CP was thought to interact only weakly, if at all, with the PP,
leading to the conclusion that phosphopantetheinylation does not affect the carrier protein in
a relevant manner.2’ Perhaps more importantly, there are currently no structures available of
substrate-loaded CPs from an NRPS and it remains unclear whether the substrate is simply
tethered on an unstructured PP arm or if it interacts with its carrier protein. Lack of success
in studying structures of loaded carrier proteins results in part from rapid hydrolysis of the
thioester bond, so we recently proposed a means to bypass this limitation for monomeric
substrates.2® Determining if the loaded substrate directly interacts with the protein core of a
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CP or remains unbound will shape our understanding of the role it plays in directing protein-
protein interactions.

In order to study the influence of substrate loading on the structure of a CP, we determined
the solution structures of the aryl carrier protein (ArCP) from yersiniabactin synthetase in its
holo and substrate-loaded forms. Yersiniabactin (Figure 1e) is an iron chelator and virulence
factor for Yersinia pestis, the causative agent of the bubonic plague, and its biosynthesis has
been extensively characterized.30-3¢ The yersiniabactin synthetase system is comprised of
the stand-alone A domain YbtE, the multidomain proteins HMPW2 (Figure 1a) and
HMWP1, and the reductase YbtU. ArCP is the first carrier protein involved in yersiniabactin
synthesis. It composes the N-terminal 100 residues of HMPW2, which also contains two
cyclization domains (Cy1 and Cy2), an adenylation domain (A), two peptidyl carrier
proteins (PCP1 and PCP2), and an epimerization domain (E) (Figure 1a). Cyclization
domains are related to condensation domains yet catalyze a cyclodehydration in addition to
condensation. As a starter carrier protein, ArCP has a relatively simple life-cycle. Following
activation of carrier proteins to holo forms, YbtE loads ArCP with salicylic acid while the A
domain of HMPW?2 loads PCP1 with cysteine (Figure 1b). Cy1 then catalyzes peptide bond
formation and cyclization between the substrates loaded on ArCP and PCP1, regenerating
holo-ArCP and producing PCP1 now loaded with a 2-hydroxyphenylthiazoline moiety
(Figure 1c). Two forms of ArCP communicate with catalytic domains during synthesis:
holo-ArCP is a substrate for YbtE and a product of Cy1, whereas ArCP loaded with
salicylate (hereafter referred to as ‘loaded-ArCP’) is a product of YbtE and a substrate for
Cyl.

We have previously established a method for analysis of ArCP loaded with salicylate in its
native thioester form by nuclear magnetic resonance spectroscopy?®. The method exploits
the non-invasive nature of NMR and isotope editing to allow for sustained NMR
measurements on loaded-ArCP. Loaded-ArCP is generated in situ and the appropriate
concentration of substrates and adenylation domain, ATP, Sal and YbtE, ensure that the
regeneration of loaded-ArCP outperforms hydrolysis without influencing the chemical shift
perturbations (CSPs) observed upon substrate loading. We found that these CSPs occur
along multiple distinct secondary structural elements of the core of the protein. However,
CSPs cannot differentiate among a direct interaction with the substrate, structural changes in
the ArCP, a modulation of protein dynamics, or some combination of these effects. Here, we
present the solution structures of ArCP in the holo and salicylate-loaded forms together with
a characterization of the dynamics of holo and loaded-ArCP, including the PP. We show that
holo-ArCP has a transient yet well-defined interaction with the PP and that the protein core
of ArCP has a direct interaction with loaded salicylate, and we discuss the role these
observations may play in influencing protein-protein interactions in NRPS systems.

Cloning strategies are described in the supporting information (SI).

J Am Chem Soc. Author manuscript; available in PMC 2016 September 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goodrich et al.

Page 4

Purification of holo-ArCP made from coexpression with Sfp

The purification of holo-ArCP resulting from coexpression with Sfp is identical to that
reported for apo-ArCP2® except for the following modifications. pET-DUET-SfpHis6-GB1-
TEV-ArCP14-93 was transformed into AEntD cells (courtesy Drs. Chalut and Guilhot,
CNRS, Toulouse, France). Ampicillin was used instead of kanamycin. Following overnight
cell growth at 37°C, the temperature was lowered to 18 °C when reaching an optical density
of 0.4. At an optical density of 0.6, IPTG was added to 0.5 mM, and growths continued at 18
°C. Cells were harvested 4-4.5 hours after induction at an optical density of 1.1-1.2.
Following digestion by TEV protease and HisTrap purification, dithiothreitol (DTT) was
added to a final concentration of 10 mM.

In vitro phosphopantetheinylation of apo-ArCP was performed as described previously.2?
Completion of the phosphopantetheinylation reaction was confirmed by HN-HSQC.

NMR data for assignment and structure determination

All spectra were collected at 25 °C on a 600 MHz Bruker Avance |11 spectrometer equipped
with a QCI cryoprobe. All NMR spectra were processed using NMRPipe37 and analyzed
using CARA.38 See S| for details of NMR acquisitions.

To ensure long-term stability of NMR samples, samples were buffer exchanged (>125-fold)
into freshly prepared NMR buffer containing 0.05% (w/v) sodium azide by repeated
concentration and dilution immediately prior to use. D,O was added to all samples to a final
concentration of 10% and DSS was used for internal referencing. For samples in D,O, NMR
buffer was prepared as described above in 99.8% D,0 (Aldrich Chemistry) and the pD
adjusted using sodium deuteroxide (40% in D20, 99.5% D, Cambridge Isotope
Laboratories) to a pH of 6.40 (pD=6.80).

15N-Holo-ArCP used for the holo and loaded samples was generated in vitro using apo-
ArCP, purified Sfp, and unlabeled coenzyme A. The NOESY-HN-HSQC of holo-ArCP was
run on a 520 uM sample in the standard NMR buffer containing 1 mM DTT instead of 500
UM TCEP. To prepare the loaded sample, salicylic acid and ATP were added to 2 mM and
YbtE added to 100 nM to 400 uM ArCP and the loading reaction monitored by HN-HSQC.
The NOESY-HN-HSQC was begun immediately upon completion of loading.

13C 15N apo-ArCP has previously been assigned?? and its assignment was used as a starting
point for assigning holo- and loaded-ArCP resonances.

13C 15N-Holo-ArCP was generated by coexpression with Sfp such that the
phosphopantetheine cofactor is also labeled. A first sample was prepared in buffered H,O to
complete resonance assignments and collect dihedral angle constraints (SI).

A 390 uM sample was prepared in D,O by repeated concentration and dilution in NMR
buffer prepared in D,0 until a 900-fold dilution had been achieved. This sample was used
for aromatic side-chain resonance assignment and to collect distance constraints involving
aliphatic and aromatic protons.
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13C 15N-Loaded-ArCP was prepared by adding salicylic acid and ATP to 2 mM (final
concentration) and YbtE to 100 nM (final concentration) to 413 uM holo-ArCP and
monitoring the loading reaction by HN-HSQC. After completion of the loading reaction, the
sample was diluted 15-fold in identical buffer to lower the concentration of adenosine
monophosphate (AMP) and pyrophosphate (PPi) produced by the loading reaction and
additional YDbtE added to increase the final concentration to 250 nM. This was concentrated
to a final ArCP concentration of 360 uM. This sample was used to complete resonance
assignments and collect dihedral angle constraints (SI).

A sample in D,O was used for aromatic side-chain resonance assignment and to collect
distance constraints involving aliphatic and aromatic protons. Loading was performed with
50 uM holo-ArCP, 50 nM YbtE, 2 mM ATP, and 500 uM 13C-salicylate in a total volume of
3.95 ml in 90% H20/10% D,0 and loading monitored by HN-HSQC. After loading was
complete, the sample was buffer exchanged 560-fold into NMR buffer prepared in D,O
containing 2 mM ATP and 500 uM 13C-salicylate and concentrated to a final loaded-ArCP
concentration of 360 UM.

Relaxation experiments

15N-Holo-ArCP was generated by coexpression with Sfp such that the phosphopantetheine
cofactor is also labeled. 1°N longitudinal and transverse relaxation rates, R1 and Ry, and
{HN}-heteronuclear-NOESY were measured as described in the supporting information (Sl
S2).

Salicylate-loaded ArCP was generated by incubating 50 pM 15N-holo-ArCP with 2 mM
unlabeled salicylic acid, 2 mM ATP, and either 100 nM (R1, {HN}-Heteronuclear-NOESY)
YbtE in 3.5 ml total volume or 20 nM (R, measurement) YbtE in 3.75 ml total volume and
monitoring loading by HN-HSQC. Upon completion of loading, the sample was
concentrated to 1 ml, diluted 15-fold in NMR buffer with 2 mM unlabeled salicylic acid and
2 mM ATP, and concentrated to a final protein concentration of 300 uM (R, {HN}-
Heteronuclear NOESY) or 390 uM (Ry).

Relaxation parameters were fit using the program nlinLS, part of the NMRPipe software
package.3’ In all experiments, line shapes in the 1H dimension were fit using a Gaussian
function and line shapes in the 1N dimension were fit using a Fourier-transformed,
apodized, exponentially decaying sinusoid. Residues 20, 29, 34, 40, 88 and 91 were
excluded from fitting in holo-ArCP due to severe overlap. In loaded-ArCP, residues 20, 29,
32, 34, 75, 88, and 91 were excluded for the same reason.

Lipari-Szabo model-free analysis was performed with the program ROTDIF.3940 ROTDIF
fits both the overall rotational diffusion tensor as well as the model-free parameters at each
residue, including Rey. Here, a first pass was performed to identify residues with order
parameters of 0.75 or below. These residues were then excluded from analysis when fitting
the global rotational diffusion tensor but were included when fitting the model-free
parameters. In holo-ArCP the excluded residues were 14, 15, 51, 69, 90, and 93. In loaded-
ArCP residues 14, 15, 51, 69 and 93 were excluded.
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The “sausage” representations of Figure 3 were created using the PyMOL41 “putty” feature
after replacing each residue’s b-factor with its corresponding value of 1-S2.

Structure calculation

Assignment of NOESY cross-peaks was performed manually using CARA.38 1636
unambiguous restraints were assigned for holo-ArCP and 1314 for loaded-ArCP. In
addition, 131 and 142 angle constraints were obtained with TALOS-N.42 Structure
calculations were performed using CYANA version 2.1.43 For the final structure calculation,
100 structures were calculated using 50,000 steps. The final CY ANA target functions were
2.65 (for holo) and 2.99 (for loaded). There were no distance violations bigger than 0.5 A
and no angle violations larger than 3.5° in either NMR ensemble. The average rmsd to mean
for these conformers were 0.37 A (backbone) and 0.88 A (heavy) for holo and 0.36 A
(backbone) and 0.85 A (heavy) for loaded. Other rmsd’s are described in the remainder of
the text. The 20 structures with the lowest target function were chosen for water refinement
in explicit solvent using CNS.#* Modified parameter and topology files were generated
using the ACPYPE“5 web application and refinement run using modified RECOORD46
scripts. The NMR ensembles were analyzed with the protein structure validation suite,
PSVS,4’ that includes PROCHECK_NMR“8 and MolProbity.49:°0 Ramachandran statistics
(PROCHECK) are: 92.5% in most favored region, 7.5% in additionally allowed, 0.0% in
generously allowed, and 0.0% in disallowed region for holo-ArCP and 89.4%, 10.6%, 0.0%
and 0.0%, respectively, for loaded-ArCP. See also Supporting Information (SI), Tables S1
and S2.

Surface potentials were generated using the APBS Tools2.1 plugin®! for PyMOL using the
default parameters. Input files were generated from pdb files of holo- and loaded-ArCP in
which the phosphopantetheinylated serine was replaced with a standard serine using the
pdb2pqr>2:53 online server.

Structures (PDB 2N6Y and 2N6Z) were analyzed with Py-MOL*! and MOLMOL.%4

Results and Discussion

Acyl, aryl, and peptidyl carrier proteins play a central role in PKSs, FASs, and NRPSs as
they shuttle substrates between various catalytic sites during synthesis. In the past few years,
various structural and functional studies have suggested that NRPSs are not rigid assemblies
but are subject to inter-domain dynamics. Notably, rather than simply swinging the
phosphopantetheinyl arm between active sites, the entire carrier protein is expected to visit
partner domains in a series of transient domain interactions!4-18. Understanding the
biosynthesis of all associated products thus requires an understanding of the molecular
parameters that modulate these successive transient domain interactions. Here, we will
describe how both the phosphopantetheinyl arm and its tethered substrate interact with the
core of an NRPS aryl carrier protein in its holo and substrate-loaded form. We found that
although these interactions are well-defined they are nevertheless transient, as a substantial
population of both holo- and loaded-ArCP possesses prosthetic groups subject to large
amplitude motions. Our results provide novel insights into interactions between carrier
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proteins and PP and tethered substrates, and our observations will be discussed within the
framework of domain interactions.

Structures of holo- and loaded-ArCP

Holo-ArCP and loaded-ArCP both display the right-handed helical bundle fold typical of
carrier proteins2%:5556 (Figure 2a—d). This fold consists of three long helices with an up,
down, down arrangement (al, A19-E31, a2, S52-K64, and a4, L80-M87) and an additional
shorter helix (a3, L71-A76). Here, secondary structure boundaries are defined as observed
in the mean structure of holo-ArCP. The post-translational modification site, S52, is located
at the N-terminal end of a2. In ArCP, the four helices are packed predominantly by a
hydrophobic core substantiated with aromatic interactions. a1l and a2 are linked by loop1,
which is well-defined (Figure S1) and features a single-turn helix, al (L45-A48). Loopl is
held in place by a number of hydrophobic interactions with al, a3, and a4 and likely with
an ionic interaction between E41 and R25 in the holo form. a3 lies in between loop2 (G66-
T70) and the very short loop3 (A77-T79). Overall, ArCP in both holo and loaded forms
adopts a well-defined and compact protein fold.

A large number of NOESY cross-peaks revealed contacts between PP and ArCP in holo-
ArCP and between PP, Sal and ArCP in loaded-ArCP (Figures S3 — S6). nOe’s within the
PP arm have the same sign as the source peaks (so-called diagonal signals in NOESY
experiments) which demonstrates that the PP arm is subject to the same molecular tumbling
as the carrier protein. nOe’s between the protein core and PP denote a contact between PP
and ArCP. Similarly, in loaded-ArCP, NOESY cross-peaks indicate a stable, well-defined
interaction between loaded-ArCP and its prosthetic group.

Substrate loading alters the conformation of the PP arm in a dramatic manner and modifies
the surface of the protein sustained by a2, a3 and nearby regions. In holo-ArCP, the
phosphopantetheinyl arm is extended and docks on ArCP along a2 on one side and a3 on
the other side (Figure 2a, b). Such a conformation masks a large area of the solvent-exposed
surface of a2 and a3. Upon substrate loading, the phosphopantetheinyl arm adopts a curled
conformation that accommaodates salicylate binding (Figure 2c, d, f). Sal binds at the surface
of ArCP in a region defined by the N-terminal end of a2, the C-terminal end of loop1, and
the C-terminal end of a3. The change of conformation induced by tethering of salicylate
exposes a region previously covered by PP in holo-ArCP and masks a new region of ArCP.
Both regions are involved in domain communication and the significance of this alteration in
surface access will be discussed within the framework of domain interactions, below.

Comparison of the protein cores of holo- and loaded-ArCP reveals that subtle changes occur
upon substrate loading. Three helices, al, a2, and a4, are slightly shorter after substrate
loading leading to a slight variation in the relative distances between helices 1, 2, and 3. The
N-terminal end of a2 moves towards al and away from a3, in a manner that accommodates
substrate docking in loaded-ArCP (Figure 2b and d). While doing so, al rotates slightly and
the phosphate group on S52 is moved towards the outside of the protein (perhaps best seen
in Figures S6 and S9), and the helices in the bundle become more parallel to one another. A
major difference between the NMR ensembles of holo-ArCP and loaded-ArCP lies in a
change of conformation in loop1, between L39 and N44 (Figure 2e). This region packs
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against the helical bundle with hydrophobic interactions towards the core, but also with
interactions involving side-chains of al and a4 that are more peripheral. In holo the latter
provide more NMR constraints while in the loaded form constraints with the core dominate.
This change in conformation shifts the mean position of the amide proton of E41 by 4 A. As
a consequence, the ionic interaction previously mentioned between E41 and R25 can only
occur in the holo form. Loopl has been shown to be involved in a number of interactions
with NRPS catalytic domains1921-23.57-59 and its change in conformation is discussed
further below.

Dynamics in the ArCP core

The protein cores of holo- and loaded-ArCP are mainly rigid on fast time-scales but undergo
local conformational fluctuations at slower time-scales. To assess the dynamics of holo- and
loaded-ArCP, we measured the nitrogen longitudinal (Figure 3a) and transverse (Figure 3b)
relaxation rates (R and R,, respectively) as well as the heteronuclear nOe between amide
protons and nitrogens (HN-NOE, Figure 3c). R, is sensitive to both motions in ps-ns time-
scale and in ps or slower time-scales. Ry is sensitive exclusively to ps-ns motions. HN-NOE
is a direct reporter of ps-ns fluctuations in bond orientations. We applied the Lipari-Szabo
formalism®0 as developed by Palmer and co-workers6! and as implemented by Fushman and
co-workers3940 to obtain order parameters, S2, that provide a measure of the amplitude of
ps-ns motions (a value of 1 indicates rigidity and O denotes complete disorder). Figures 3d-h
reveal that all helices and a large part of the connecting loops are relatively rigid for both
forms, and only a few selected residues display increased flexibility. They are L34 and T35
in the beginning of loop1, D51, the residue preceding the phosphopantetheinylation site and
the last residue of loopl, and R68 and L69, both in loop2. No less than nine studies reported
flexibility in the N-terminal half of loop1 in FAS and PKS acyl carrier proteins (ACPs).62-70
We speculate that such flexibility may be required to perform different interactions with
different NRPS partner domains. The very position of L34 (i-18 with respect to S52) is used
to stabilize binding with an adenylation domain in a related aryl carrier protein (EntB).1°

D51 stands out as the single residue with marked fast dynamics at the C-terminal end of
loopl in both holo and loaded forms (Figure 3d, e and f). This is a rather critical observation
as D51 is the predecessor of the PP site, a position that has been shown to be actively
involved in many domain interactions!4:15:19.23.25.28,57.58 and even hypothesized to be
participating in enzymatic activity,>’ so this position must have access to many
conformations to satisfy its role in these protein interactions. Upon re-inspecting previously
reported relaxation rates and order parameters, we found that this position is flexible in five
ACPs.54-70 This conserved flexibility likely reflects the versatile role that the position
preceding the PP site plays during synthesis.

Fast internal motions have also been detected in the region encompassing R68 and L69
(loop2) in FAS and PKS ACPs. Flexibility has been consistently probed in
loop2,82-64.66.67.70 sometimes extending to the adjacent a3.58:69 o3 has often been found to
be subject to conformational exchange, and its conformation, as well as its relative
orientation to a2 are modulated upon interactions with substrates and partner
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domains.22:62:63.67 The conserved flexibility of loop2 likely permits modulation of the
relative orientation between helices a2 and a3.

Overall, substrate loading does not affect the flexibility of ArCP in a dramatic manner.
Nevertheless, comparison of order parameters indicates a trend for a rigidification at ps-ns
time-scales for a few residues. The small amplitude of these effects, however, prevents us
from discussing their significance.

Slower conformational fluctuations (us) increase the magnitudes of R, for two groups of
residues (Figure 3b, color coded in Figures 3e and f). A18, A19, and D20, are located at the
N-terminal end of al, and Q37, H40, E42, S43 and L45, are all in the center of loopl, up to
the single turn helix, al. All residues display Rey in the Model Free analysis (Figure S7).
These two groups are remote in the structures of ArCP and these fluctuations likely reflect
separate events.

The conformational fluctuations observed in loopl are likely relevant to ArCP’s activity.
Conformational exchange has been detected in corresponding regions of FAS and PKS
ACPs54.70 and in nearby regions of loop1.98:69.71 Most strikingly, the two residues that
display the largest R, rates are H40 and E42 that flank E41 (Figures 3e and f). E41 could not
be detected, presumably because its NMR resonances have been broadened by exchange
beyond detection. We have already mentioned that E41 can form a salt bridge in holo-ArCP
but not in loaded-ArCP because the surrounding region of loopl changes conformation upon
substrate loading. We observe an overall reduction of Rey upon substrate loading, indicating
that the substrate affects related conformational fluctuations (Figures 3b and S7). Indeed,
salicylate docks in the vicinity of al, which signals the end of the malleable region, and the
docking of Sal may modulate the dynamics of loopl. In summary, the change on
conformation that we observed when comparing holo- and loaded-ArCP structures results
from a change in conformational equilibria and is not a static effect. In this context, the
flexibility of T35 and L34 discussed above may reflect a hinge in this region, used to
provide malleability to the region encompassing Q37-L45. Various residues in loopl have
been shown to interact with NRPS catalytic domains1921-23.57-59 gnd the significance of the
malleability of loopl will be discussed below.

Transient interactions between ArCP and its prosthetic groups

Our data reveal that, although they are well-defined, the interactions we see between ArCP
and its prosthetic groups are transient in nature. Our relaxation data indicate that the NMR
signals of PP reflect an extreme amount of motional averaging, characteristic of disorder
(Figures 3a—c). However, nOe’s between ArCP and its prosthetic moieties as well as nOe’s
within PP with the same sign as those of the protein indicate that PP is bound to ArCP.
Together, these observations indicate an averaging of NMR parameters’? due to an
equilibrium between a bound form of holo-ArCP, b-holo-ArCP, and a form in which PP
does not bind and is disordered, u-holo-ArCP (unbound). Likewise, loaded-ArCP exists both
in bound and unbound forms.

The detection of positive nOe’s with signals that seemingly display high motional averaging
is reminiscent of the well-known transferred nOe’s that occur for small molecules binding to

J Am Chem Soc. Author manuscript; available in PMC 2016 September 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goodrich et al.

Page 10

a large protein.”3-78 The detection of nOe’s between PP and ArCP through signals of the
unstructured form of PP is a special case of population averaged nOe’s, in which the nOe of
u-holo-ArCP is zero. Similar effects have been discussed for nOe’s in protein cores and even
using E. coli ACP as a model system.85.79 In the end, our results unequivocally indicate that
holo-ArCP and loaded-ArCP are subject to equilibria between bound and unbound forms
(Figures 3e and g). Because the bound forms of holo- and loaded-ArCP display well-defined
interactions between ArCP and its prosthetic groups and given the dramatic alterations in
domain binding surfaces that occur upon substrate loading, future characterization of the
populations of the bound forms and of the time-scale of the equilibrium are warranted.

In addition to our investigations of ArCP’s flexibility and conformational fluctuations, we
have observed signals indicative of a minor conformer of ArCP both in holo and loaded
forms. Similar observations have been made for the tyrocidin A peptidyl carrier protein in
apo and holo form and solution structures were determined by NMR using nOe
constraints.22 Unfortunately, very low signal amplitudes provided limited NOESY cross-
peaks in our spectra which would result in conformers that artificially appear partially
unfolded. Similar signs of slow exchange have been ubiquitously observed for PKS and
FAS ACPs.62:63,66-69,71,79.80 |y one study, the second conformer was shown to involve a
second binding site for the PP arm accompanied with alterations in .3.9% We do see a
second set of signals for PP in holo-ArCP and loaded-ArCP, and a similar scenario cannot
be excluded for ArCP. A limited chemical shift perturbation (Figure S8) indicates that these
conformers are likely subject to subtle changes in conformations and do not belong to an
unfolded or unfolded-like state. Further studies are needed to characterize these minor
conformers.

Implications for domain communication

All our observations can be revisited within the context of domain interactions and catalytic
steps that occur during biosynthesis. Following post-translational modification, ArCP
interacts with the adenylation domain YbtE to harvest salicylate as well as with the
cyclization domain Cy1 to catalyze the condensation of salicylate with cysteine.31:81 In this
chain of events, holo-ArCP is the substrate of YbtE and loaded-ArCP is its product.
Conversely, loaded-ArCP is the substrate for Cy1 and holo-ArCP is a product of Cy1.

As noted above, interactions between the core of the protein and the tethered salicylate alter
the conformation of the PP between holo- and loaded-ArCP. This change in PP
conformation in turn alters the electrostatic surface presented by loopl and helices 2 and 3.
Loopl, a2, and a3 are all involved in binding with other domains, and altering the solvent
exposed surfaces as described necessarily modulates domain affinities. Indeed, studies of
related PKS ACPs have shown that changes in surface potentials could explain the success
or failure in ACP domain swaps82. Inspection of the surface potential of ArCP reveals a
positively charged region defined by the second half of a2, loop2, and R72 in a3, as well as
a negatively charged region delimited by the C-terminal end of loopl, the beginning of a2,
and part of a3 and loop2 (SI Figure S9). In holo-ArCP much of the positively charged area
is covered by the PP arm, while the negatively charged region is accessible. Upon substrate
loading, part of the positively charged area becomes accessible while the negatively charged
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surface is obfuscated by Sal and the end of the PP arm. We hypothesize that such a dramatic
modification of the surface potential in a region consistently involved in domain
binding19:22.:23.58,59 Jikely participates in modulating the binding affinity of ArCP towards
its partner domains.

The equilibrium between unbound and bound forms of holo-ArCP may be modulated as it
interacts with its adenylation domain. Like all adenylation domains, YbtE comprises a large
N-terminal sub-domain, A(N), and a smaller C-terminal sub-domain, A(C). YDbtE catalyzes
two distinct steps. First, salicylate is selected and adenylated to produce an activated mixed
anhydride Sal-AMP. Second, the thiol group of holo-ArCP reacts with the activated
carbonyl to form a thioester bond and, hence, to load ArCP with salicylate. It has been
shown that the relative orientation of A(N) and A(C) changes by about 140° during the two-
step reaction, with an adenylation conformer Ap active for adenylation and a thioester
conformer At responsible for thioesterification.16:17 The proposed mechanism invokes a
transition from Ap to At upon completion of the adenylation reaction and prior to binding
of holo-ArCP. Thioesterification requires PP to be extended towards the activated adenylate,
e-holo-ArCP, and thus the relevant complex consists of e-holo-ArCP bound to At (see
Figure 4b). Our observations of equilibria between bound and unbound forms of holo-ArCP
raise questions as to whether the bound form is used during A/CP recognition, and which
mechanisms are compatible with such an equilibrium. An active participation of b-holo-
ArCP would mean that the complex competent for thioesterification, e-holo-ArCP/At, is
obtained following formation of an encounter complex involving b-holo-ArCP in a manner
reminiscent of that described by Burkart and coworkers for type Il FAS ACP and its partner,
FabA.83 Alternatively, At may select e-holo-ArCP through u-holo-ArCP.

Combined insight from existing structures and the structures described here suggest how the
positioning of PP may influence interactions with A domains. Complexes of e-holo-ArCP
bound to At have been crystallized, notably with an aryl carrier protein closely related to
ArCP, EntB-ArCP.19 Loop1 in EntB-ArCP interacts with A(C) (Figure 4b), whereas a2
interacts both with A(C) and with A(N). Structural alignment of b-holo-ArCP onto EntB-
ArCP reveals that b-holo-ArCP could maintain interactions with A(C) but not A(N) (Figure
4a). Thus, an encounter complex between At and b-holo-ArCP would necessarily occur
with a different domain organization than that seen in Figure 4b.

In either unbound or bound form, ArCP can interact with A(C). This is an important
observation given that the domain reorientation in A domains was proposed to provide a
means of shuttling carrier proteins between binding sites.1>19 If A(C) is used to shuttle
holo-ArCP towards A(N), an interaction between A(C) and ArCP such as that shown in
Figure 4 would likely shift the equilibrium towards b-holo-ArCP as many conformations of
u-holo-ArCP would be incompatible with binding. Upon reaching a conformation A, the
adenylation domain must then select for e-holo-ArCP. This model would correspond to a
sequence of conformational selection events and the equilibrium between b-holo-ArCP and
u-holo-ArCP may then be a means to ensure simultaneously an interaction between A(C)
and ArCP (with b-holo-ArCP paying an entropic cost and opening an interaction surface)
while maintaining access to an extended form that must be selected through the unbound
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form for catalysis. The many mechanisms that are compatible with our observations beg for
further investigations.

The loaded form of ArCP in bound form prevents interaction between ArCP and A(N) but
allows for a stable interaction with A(C). Loaded-ArCP is the product of the thiolation
reaction, and hence loaded-ArCP must dissociate from the A-domain. Inspection of Figure
4c demonstrates that the curled conformation of PP in the bound form would prevent any
functional interaction between b-loaded-ArCP and A(N). Thus, b-loaded-ArCP likely helps
ensure that NRPS synthesis moves productively to the next step. Like b-holo-ArCP, b-
loaded-ArCP can interact with A(C). Again, this observation is compatible with A(C)
shuttling loaded-ArCP towards the next catalytic partner, here Cy1.

Inspection of the conformation of loopl within the context of an A/CP complex suggests
that substrate loading may help ArCP interact with the C-terminal subdomain of YbtE.
Figure 4d emphasizes that loopl moves towards A(C) when comparing holo-ArCP, loaded-
ArCP, and the EntB-ArCP. Loop1 simultaneously adopts a conformation that is increasingly
open with respect to the ArCP core protein. With EntB-ArCP representing an optimal
interaction, this observation suggests that loaded-ArCP adopts a conformation more suitable
for an interaction with A(C). Thus, the bound form of loaded-ArCP may affect the affinity
towards A domains in two manners, first by disrupting interactions with A(N) and adopting
a conformation incompatible with a competent complex, and second by promoting an
interaction between ArCP and A(C) by stabilizing loopl in an open form. Substrate loading
would then actively contribute to release from A(N) and shuttling of ArCP by A(C). Further
studies are needed to probe this hypothesis.

The bound form of loaded-ArCP likely modulates interactions with partner cyclization or
condensation domains, while access to the extended form needed for catalysis is provided by
the unbound form. ArCP is the first carrier protein of the yersinibactin synthetase and, as
such, Sal-loaded-ArCP is exclusively a substrate-donor carrier protein. There are no
structures of condensation domains in complex with substrate-donor carrier proteins and we
cannot make detailed mechanistic predictions for loaded-ArCP. Fortunately, combinatorial
mutagenesis and selection studies, conducted specifically with ArCP or EntB-ArCP, have
identified residues necessary for communication with condensation domains.>%:84 They span
the solvent accessible surface of N-terminal a2 (153 and M56), C-terminal a3 (Y75 and
AT76) and one residue in loopl (N44). Strikingly, all these residues interact with PP or Sal in
b-loaded-ArCP. It may well be that selection was achieved by optimizing interactions with
the tethered substrate. If so, this suggests that bound loaded-ArCP is used as a substrate for
an encounter complex. Access to e-loaded-ArCP through its unbound form would then be
used to reach the Cy (or C) domain active site, which is located far from the surface of these
domains. Clearly, our observations must be revisited once the structure of a donor ArCP in
complex with a cyclization or condensation domain is available.

In summary, the structures of b-holo-ArCP and b-loaded-ArCP that we have determined,
together with our observations of equilibria between bound and free forms set a framework
to elucidate mechanisms for domain recognition and domain rearrangements during NRPS
synthesis.
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Conclusions

We have presented the first solution structure of a nonribosomal peptide synthetase carrier
protein loaded with its substrate, the backbone dynamics analysis of an NRPS carrier
protein, and the first solution structure of an aryl carrier protein, both in holo and loaded
forms.

The solution structures of ArCP indicate that the phosphopantetheinyl arm interacts with the
protein core of ArCP both in holo and in loaded forms. Substrate loading induces a large
conformational change in the phosphopantetheinyl arm that alters the nature of the protein
surface in surrounding regions, which are involved in domain recognition. In holo-ArCP, PP
lies in an extended conformation between helices a2 and a3, whereas in loaded-ArCP PP
curls back to allow for substrate binding in a region near the phosphopantetheinylation site.
The repositioning of the PP arm modulates access to regions of ArCP with distinct
electrostatic potentials, providing a rationale for altering the binding affinity of ArCP to its
partner domains.

Joint analysis of NOESY spectra and NMR spin relaxation indicate that ArCP interacts with
its prosthetic groups in a transient yet well-defined manner. Our findings indicate that both
holo- and loaded-ArCP undergo conformational equilibria between unbound and bound
forms. Interactions with PP have been occasionally observed in NMR studies of NRPS, PKS
and FAS carrier proteins and the (well-established) motional averaging of NMR parameters
we discussed can be applied to revisit observations made for these systems.

Many molecular properties have been discussed within the context of NRPS, PKS, and FAS
domain communication and our results suggest that the dynamics of the prosthetic group
must be considered as well. That is, binding to carrier proteins must occur through a
conformational selection of unbound or bound forms, potentially with subsequent induced
fits or conformational selection events. In addition, we have observed dynamics in the
protein cores of holo- and loaded-ArCP that cover all time-scales. Notably, we have found
that substrate loading affects conformational fluctuations occurring in loopl, a region
involved in domain communication. Together, our results substantiate a mechanism for
NRPS synthesis that relies on the interplay between chemical modification and modulation
of molecular properties, such as dynamics and surface potentials, to direct domain
communication.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Role of ArCP in yersiniabactin synthesis. a) ArCP is the first carrier protein domain of

HMWP2, which also comprises two cyclization domains (Cy1 and Cy2), two peptidyl
carrier proteins (PCP1 and PCP2), an adenylation domain for cysteine (A), and an
epimerization domain embedded in the A-domain (E). b) The A-domain loads cysteine onto
PCP1 and PCP2, and the stand alone A-domain YbtE loads salicylate onto ArCP. ¢) Cy1l
catalyzes the condensation and cyclodehydration of Sal and Cys, forming 2-
hydroxyphenylthiazoline on PCP1 and returning ArCP to its holo form. Not shown: Cy2,
HMWP1 (a mixed PKS NRPS protein), and YbtU complete the synthesis of yersiniabactin
(e). d) Nomenclature used to assign phosphopantetheine (J-U) and salicylate (V-AA) is
shown in italics.

J Am Chem Soc. Author manuscript; available in PMC 2016 September 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Goodrich et al.

Page 18

Figure 2.
Solution structures of holo- (a,b) and loaded-ArCP (c,d). The lowest energy conformer of

the NMR ensemble is shown for each form of the protein under two different views. e)
Detail of loop1 shown for a superposition of holo- (pink) and loaded-ArCP (blue).
Structures were aligned with each other using helices al through a4. f) Mean structures of
Ser-PP from holo-ArCP (orange) and Ser-PP-Sal from loaded-ArCP (orange-red). The
moieties were translated to overlay Ser 52 C* of each form.
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Figure 3.
NMR dynamics of holo- and loaded-ArCP. (a—d) Residue-specific NMR relaxation

parameters for holo (left, magenta) and loaded (right, cyan). The secondary structure of
ArCP is illustrated below the plots. In (a—c) the relaxation parameters for the NN and NR
positions of the PP are displayed at residues 99 and 100 respectively. A thick, colored line
distinguishes them from the remaining residues. (a) R1 relaxation rates. (b) R2 relaxation
rates. (c) Heteronuclear NOE parameterized by lsq/lres Where 15 and Iyef are the amplitudes
of signals in the proton-saturated and reference experiment, respectively. (d) Order
parameter S2. (e-h) Dynamics visualization of holo- (magenta) and loaded-ArCP (cyan),
residues 16-90. A thicker ribbon corresponds to a reduced order parameter and increased
flexibility. Colors represent the Ry parameters fit during Lipari-Szabo analysis. Data are not
available for residues in white due to overlap (€) holo-ArCP with PP in its bound state (f)
loaded-ArCP with the PP in its bound state (g) holo-ArCP with PP in its unbound state (h)
loaded-ArCP with PP in its unbound state
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Figure4.
Comparison of holo- (a, in pink) and loaded-ArCP (c, in blue) in complex with an

adenylation domain in At conformation (in white). The original structure of EntB-ArCP
(brown) in complex with EntE is shown in b) (2ROG). In b), EntB-ArCP sidechains colored
in red highlight interactions between A(N) and a2, those in blue show interactions between
A(C) and ArCP, and those in green denote interactions between A(C) and loopl. The same
color scheme was used for side-chains of EntE that are displayed in a—c). d) Detail
showcasing changes in the conformation of loopl. The orientation in d is obtained by
rotation of 30° around the Y vertical axis.
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