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ABSTRACT: Many bacteria use large modular enzymes for the synthesis of polyketide and
peptide natural products. These multidomain enzymes contain integrated carrier domains
that deliver bound substrates to multiple catalytic domains, requiring coordination of these
chemical steps. Nonribosomal peptide synthetases (NRPSs) load amino acids onto carrier
domains through the activity of an upstream adenylation domain. Our lab recently
determined the structure of an engineered two-domain NRPS containing fused adenylation
and carrier domains. This structure adopted a domain-swapped dimer that illustrated the
interface between these two domains. To continue our investigation, we now examine
PA1221, a natural two-domain protein from Pseudomonas aeruginosa. We have determined
the amino acid specificity of this new enzyme and used domain specific mutations to

demonstrate that loading the downstream carrier domain within a single protein molecule

occurs more quickly than loading of a nonfused carrier domain intermolecularly. Finally, we have determined crystal structures of
both apo- and holo-PA1221 proteins, the latter using a valine-adenosine vinylsulfonamide inhibitor that traps the adenylation
domain—carrier domain interaction. The protein adopts an interface similar to that seen with the prior adenylation domain—
carrier protein construct. A comparison of these structures with previous structures of multidomain NRPSs suggests that a large
conformational change within the NRPS adenylation domains guides the carrier domain into the active site for thioester

formation.
Nonribosomal peptide synthetases (NRPSs) are modular
enzymes that contain multiple catalytic domains joined as
a single, multidomain protein. These domains function in a
coordinated fashion to direct the synthesis of the peptide
product.’ During synthesis, the amino acid and peptide
substrates are bound covalently to a peptidyl carrier protein
(PCP) domain, which is post-translationally modified to
contain a phosphopantetheine cofactor on a conserved serine
residue.” Amino acids are first loaded onto the PCP by an
upstream adenylation domain and then delivered to upstream
or downstream condensation domains, where peptide bond
formation occurs. Final release of the peptide is catalyzed by a
terminal thioesterase domain. This catalytic strategy requires
that a typical PCP domain of an internal module visit at least
three catalytic domain active sites (Figure 1A) to allow (a)
initial loading by an upstream adenylation domain, (b)
formation of a peptide bond by an upstream condensation
domain, and (c) peptide off-loading or hydrolysis by a
downstream condensation or thioesterase domain.” Structural
studies of single-domain and multidomain NRPS proteins, as
well as studies that use molecular and biochemical tools to
probe the impact of mutations at the interface or linkers
between domains, are providing insights into the domain
interfaces and structural elements that allow the conformational
flexibility necessary to deliver the nascent peptide to the
catalytic domains.
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Individual NRPS domain structures have been determined,
including those of adenylation,*”” condensation,® peptidyl
carrier protein,” and thioesterase'® domains. Additionally,
structures of multidomain NRPSs that identify how the PCP
interacts with each of the catalytic domains have been
determined. A structure of the intermolecular interaction
between the adenylation and PCP domains of the enterobactin
system demonstrates how the PCP interacts with the
adenylation domain for amino acid loading."" The interaction
between the PCP and the thioesterase domain has been
determined both by nuclear magnetic resonance (NMR) and
by X-ray crystallography,'"* with the crystal structure of the
holo-PCP providing clear insights into the pantetheine binding
site. Exciting insights into PCP—condensation domain
interactions were provided by SrfA-C, a complete terminal
module containing the condensation, adenylation, PCP, and
thioesterase domains.'* In this structure, the phosphopante-
theinylation site of the PCP, mutated to an alanine to facilitate
crystallization, was located ~16 A from the catalytic histidine of
the condensation domain, roughly the length of the
phosphopantetheine arm (Figure 1B). However, the PCP
domain is 57 and 43 A from the active sites of the adenylation
and thioesterase domains, respectively, demonstrating that a
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Figure 1. Multidomain catalysis of peptide synthesis by the NRPSs.
(A) Reactions catalyzed by the most common NRPS catalytic
domains. The adenylation domain catalyzes a two-step reaction to
first adenylate the amino acid and then covalently load the
downstream carrier domain, represented by the blue oval. The
pantetheine cofactor is represented by the thiol SH. The domain
alternation hypothesis suggests a 140° rotation of a small C-terminal
subdomain within the adenylation domain is used to adopt the
catalytic conformations for the two partial reactions. The condensation
domain catalyzes peptide bond formation, transferring the loaded
amino acid from an upstream carrier domain (green) to form the
dipeptide on the downstream carrier (blue). The terminal thioesterase
domain catalyzes thioester hydrolysis, releasing the peptide. (B)
Schematic representation of SrfA-C highlighting the structural
problem of the domain rearrangements required to allow the
phosphopantetheine cofactor to reach the neighboring active sites.
The schematic represents the domain orientation observed in the
StfA-C structure (Protein Data Bank entry 2VSQ). The condensation
domain is colored gray, the adenylation domain red, the PCP domain
light blue, and the thioesterase dark blue.

substantial rearrangement is necessary to deliver the PCP and
peptide substrate to the adjacent domains."*

The NRPS adenylation domains belong to the ANL
superfamily of adenylating enzymes."> Members of this family
are 450—600 residues in length and contain two subdomains.
The ANL enzymes all conduct two partial reactions at the same
active site, an initial adenylation reaction and a second reaction
that is either a thioester-forming reaction or, in the case of
luciferase, a multistep oxidative reaction. These two partial
reactions require changes to the active site that are achieved
through domain rotation of the smaller C-terminal subdomain.
Upon completion of the adenylation half-reaction, the C-
terminal subdomain undergoes an ~140° rotation to present a
different conserved region that positions the pantetheine
moiety to the acyl-adenylate for thioester formation.'® The
SrfA-C adenylation domain adopted a conformation that
approximates the adenylate-forming conformation, with the
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two subdomains more open relative to the catalytic
conformation. The rotation of the C-terminal subdomain, as
demonstrated for members of the ANL superfamily,'*™"® may
provide one necessary domain rearrangement required of
modular NRPSs to coordinate delivery of the downstream PCP
domain."*#"3

Our lab recently determined the structure of the adenylation
domain—carrier protein interaction using the intermolecular
module from enterobactin biosynthesis. We created a fusion
protein between the self-standing adenzflation domain EntE*
and the acyl carrier protein from EntB.*' This EntE-B protein
was crystallized using a mechanism-based inhibitor that mimics
the adenylate intermediate, reacting covalently with the thiol of
the incoming phosphopantetheine."' Similar inhibitors have
been used in the structural characterization of thioester bond
formation in SUMO E1%* and the ANL adenylating enzyme o-
succinylbenzoate-CoA synthetase.”> The crystal structure of
EntE-B demonstrates the regions of the PCP that interact with
the adenylation domain. In particular, the 10 residues that
precede the pantetheinylation site (loop 1) and the helix that
follows this position (helix 2) form the interaction surface for
the adenylation domain. Although the EntE-B chimeric protein
was designed to elucidate the intramolecular interactions
observed in a natural two-domain adenylation domain—PCP
protein, the protein crystallized as a dimer of intermolecular
interactions, where the phosphopantetheine and PCP of chain
A were directed into the active site of EntE chain B, while the
PCP of chain B was donated back to the adenylation domain of
chain A. These intermolecular interactions were validated by
directed mutagenesis experiments to improve the ability of an
EntE homologue to recognize EntB. Guided by the EntE-B
crystal structure, Sundlov et al'' found changes to several
surface residues of this homologue, BasE, improved the
catalytic efficiency with the EntB carrier domain by as much
as 50-fold. This structure therefore provides insight into the
EntE—EntB interaction and, presumably, the intermolecular
transfer interface of other NRPS adenylation and PCP domains.

To continue our investigation of adenylation domain—PCP
interactions, we identified natural two-domain proteins that
may serve as suitable targets for structural and functional
investigation. The human pathogen Pseudomonas aeruginosa
contains a biosynthetic operon encoded by the PAI1221-
PA1211 genes.” Although the product of this pathway is
unknown, this operon contains several of the hallmarks of a
novel NRPS cluster, including a didomain adenylation
domain—PCP protein, PA1221, and self-standing condensation,
thioesterase, and adenylation domains encoded by PA1220,
PA1219, and PAI1215, respectively. Additionally, the operon
contains a fotential major facilitator superfamily (MFS)
transporter,” encoded by PA1212. We present here structural
and functional analysis of PA1221. We have identified the
preferred substrate of PA1221 and demonstrate that intra-
molecular loading occurs more quickly than acylation of a PCP
domain on a separate polypeptide molecule. The structures of
both the apo- and holo-PA1221 proteins adopt the thioester-
forming conformation. In the presence of a mechanism-based
inhibitor, the PCP domain is observed to interact with the
adenylation domain in a conformation that is very similar to
that seen with the EntE—EntB structure.'"

B MATERIALS AND METHODS

Cloning, Expression, and Purification. The gene
encoding PA1221 was cloned from P. aeruginosa strain PAO1
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into pET1Sb containing a N-terminal five-His tag and TEV
protease recognition site.”> PA1221 was expressed in BL2I-
(DE3) cells grown at 37 °C to an ODgqy of 0.6 followed by
induction with 500 yuM IPTG and overnight incubation at 16
°C. Cells were lysed by sonication in 100 mM Tris (pH 7.5),
500 mM NaCl, 30 mM imidazole, 1 mM MgCl,, 15% glycerol,
0.2 mM TCEP, and protease inhibitor cocktail (Sigma) and
passed over a § mL Ni*" HiTrap Chelating HP column (GE
Healthcare). The column was washed with S column volumes
of lysis buffer and eluted with lysis buffer containing 300 mM
imidazole. Fractions containing PAI1221 were pooled and
dialyzed (with one change) overnight against lysis buffer
lacking imidazole with TEV protease at a 1:80 ratio to remove
the five-His tag.”® The dialyzed protein was then passed over
the Ni** HiTrap Chelating HP column, and the flow-through
fractions containing untagged PA1221 were collected. PA1221
was concentrated with a 50 kDa molecular mass cutoff
concentrator (Millipore) to 7.5 mg/mL before being flash-
frozen in liquid N,.*® One liter of cell culture yielded ~15 mg
of pure protein.

The K499L and SS53A mutations were generated with the
QuikChange 1I site-directed mutagenesis kit (Agilent) follow-
ing the manufacturer’s protocol. Mutant enzymes were purified
as described for the wild-type enzyme.

Phosphopantetheinylation of PA1221. Purified PA1221
was phosphopantetheinylated””*® by incubation with the
nonspecific phosphopantetheinyl transferase Sfp (10 nM),
12.5 mM MgCl,, and 1 mM CoA in lysis buffer for 50 min at 22
°C. Following phosphopantetheinylation, Sfp and CoA were
removed from the reaction sample by buffer exchange through
a 50 kDa molecular mass cutoff concentrator (Millipore) five
times.

Analysis of the PA1221 Adenylation Reaction. PA1221
substrate preference was assessed utilizing the radiolabeled
pyrophosphate exchange assay with amino acids, 2-amino-
benzoic acid, 4-chlorobenzoic acid, and acetate as performed
previously.””*” In brief, 1 uM PA1221 was incubated with 2
mM ATP, 0.2 mM Na,PP;, 5 mM amino acid or carboxylate
substrate, and 0.150 uCi of [**P]Na,PP; (Perkin-Elmer) in
reaction buffer [SO mM HEPES (pH 7.5), 100 mM NaCl, and
1 mM MgCl,] for 10 min at 37 °C. The reaction was quenched
with 1.2% (w/v) activated charcoal, 100 mM unlabeled Na,PP,
and 350 mM perchloric acid. The charcoal was collected by
centrifugation and washed twice with H,O. After being washed,
the charcoal was resuspended in 0.5 mL of H,O and transferred
to scintillation vials. Radiolabel incorporated into the
nucleotide was quantified with a Packard Tri-Carb 1900 TR
liquid scintillation counter (Perkin-Elmer). PA2412 was
purified as described previously®® and included in the
PA1221 adenylation reactions at 0.8-, 1.0-, and 1.2-fold molar
ratios using the ¥*P—PP,; exchange assay.

Analysis of Loading of the PA1221 Adenylation
Domain. Inter- and intramolecular loading were assessed
through incorporation of [*H]valine into PA1221. We first
monitored the reaction at 37 °C using 2 mM valine, 0.45 pCi of
[*H]valine, and 1 mM ATP. These initial reaction mixtures
contained 10 uM wild-type or mutant PA1221 for reactions
that included a single enzyme. In the reaction with the
combination of the two compensatory mutants, the reaction
mixtures contained each mutant at 5 yM. Because of the rapid
rate of acylation of the wild-type protein at 37 °C, and because
of the significant thioester hydrolysis rate (t,/, ~ 40 min at pH
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7.5 and 25 °C*"), a second series of reactions was set up and
conducted on ice.

The time course included reaction buffer [100 mM Tris (pH
7.5), 250 mM NaCl, 1 mM MgCl,, 15% glycerol, and 0.2 mM
TCEP] with 12 uM wild-type (WT) protein or each mutant
protein (12 M), 250 uM valine, and 0.6 uCi of [*H]valine,
and the reaction was initiated with 0.8 mM ATP. Reactions
were quenched with 20% TCA at 0, S, 10, 15, 30, 45, 60, 90,
and 120 min. Protein pellets were washed three times with
acetone, resuspended in 8 M urea, and transferred to vials
containing scintillation fluid for counting in the Packard Tri-
Carb 1900 TR liquid scintillation counter (Perkin-Elmer).

Inhibitor Synthesis. The valine-adenosine vinylsulfona-
mide (Val-AVS) inhibitor was synthesized in four steps from N-
tert-butoxycarbonyl-L-valine Weinreb amide S1 in 45% overall
yield. 81 was reduced with lithium aluminum hydride to the
corresponding aminoaldehyde S2 that was immediately
olefinated with diphenylphosphoryl methylsulfonamide S3 to
afford vinylsulfonamide S4. Mitsunobu coupling of S4 with
protected adenosine derivative S5 furnished S$6. Global
deprotection of S6 with 80% aqueous TFA yielded Val-AVS,
which was purified by recrystallization from methanol and
diethyl ether. Detailed experimental procedures are provided in
the Supporting Information. Data for Val-AVS: mp 148—150
°G; [a]p® =143 (¢ 0.1, MeOH); 'H NMR (600 MHz,
CD;0D) 6 0.94 (d, J = 7.2 Hz, 3H), 1.00 (d, ] = 7.2 Hz, 3H),
2.02-2.05 (m, 1H), 3.32—3.34 (m, 2H), 3.79 (t, J = 7.8 Hz,
1H), 4.23—4.26 (m, 1H), 4.35—4.37 (m, 1H), 479 (t, ] = 5.4
Hz, 1H), 5.95 (d, J = 6.0 Hz, 1H), 6.60 (dd, J = 15, 7.2 Hz,
1H), 6.77 (d, ] = 15 Hz, 1H), 8.28 (s, 1H), 8.32 (s, 1H); *C
NMR (125 MHz, CD,0D) 6 18.0, 19.0, 32.3, 45.8, 58.0, 72.9,
74.8, 85.7, 91.6, 121.3, 135.6, 137.3, 143.3, 149.9, 150.9, 153.1;
HRMS (ESI+) caled for C,oH,N,OS [M + H]* 428.1711,
found 428.1726 (error of 3.5 ppm).

Crystallization of Apo- and Holo-PA1221. Crystalliza-
tion conditions for apo-PA1221 in the presence of 1 mM valine
and 1 mM ATP were identified from sparse matrix screening
using hanging-drop vapor diffusion at 4 °C. Final crystals of
apo-PA1221 at 7.5 mg/mL were obtained using a mother liquor
consisting of 50 mM MES (pH 6.0), 100 mM glycine, and 1.5—
4% polyethylene glycol (PEG) 8000. Crystals were carefully
removed from skin-encased drops and cryoprotected in an
equilibrated reservoir solution with 6—20% (2R,3R)-(—)-buta-
nediol. Crystals grew within 24 h; sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) analysis of
protein crystals showed there was no proteolysis of the PA1221
protein.

Crystals of holo-PA1221 grew in the presence of the
mechanism-based inhibitor Val-AVS. The inhibitor was
dissolved in 100% DMSO to a final concentration of 26 mM
and added directly to 10.2 mg/mL holo-PA1221 at a 1.2-fold
molar excess over protein. The inhibitor and protein were kept
on ice for 30 min prior to the crystallization experiment being
set up. Crystals grew at 4 °C via hanging-drop vapor diftusion
using a cocktail of SO mM HEPES (pH 8.5) and 20% methyl
ether PEG 8000. Crystals grew initially as clusters from which
individual plates could be isolated and cryoprotected in an
equilibrated reservoir solution supplemented with 8% (2R,3R)-
(—=)-butanediol.

Data Collection, Processing, and Refinement. Data for
the crystal of apo-PA1221 were collected on SSRL beamline 9-
2 using Blulce.”> HKL2000** was used to index and scale the
data. The structure was determined by molecular replacement
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Figure 2. Substrate specificity of PA1221. Specificity was tested utilizing the **P—PP; exchange assay. Amino acids tested are reported with the
single-letter code, and background activity, lacking a carboxylate substrate, is labeled 0. Additional acids were tested and labeled a—c, representing
acetate, 4-chlorobenzate, and 2-aminobenzoate, respectively. Three other assays were performed in a series of alternate experiments (Alt.). Two
mutant enzymes were tested with valine as the amino acid substrate, the K499L A10 adenylation domain mutant (A) and the SerS33Ala
phosphopantetheinyl attachment site mutant (S). Finally, the impact of a 1.2-fold molar excess of the MbtH-like protein PA2412 is shown in the

final bar (2).

using the full-length phenylalanine-activating adenylation
domain of Gramicidin synthetase A (PheA) (Protein Data
Bank entry IAMU?) as a search model with MOLREP from the
CCP4 package.** It was immediately obvious that the C-
terminal domain adopted the thioester-forming conformation,
and it was removed from the model. The C-terminal
subdomain was then manually modeled, followed by iterative
rounds of model building and TLS refinement in COOT>* and
both Refmac5®® and PHENIX.>” The model was validated and
checked using MolProbity®® throughout model building and
refinement.

Data for holo-PA1221 cocrystallized with Val-AVS were also
collected on SSRL beamline 9-2; the data were processed with
iMOSFLM* and SCALA.*® The model of the adenylation
domain from apo-PA1221, residues 16—510, lacking the
cofactor was used as a molecular replacement search model
for holo-PA1221 using MOLREP. All nonprotein atoms were
removed from the model. Residues 520—602 of the PCP
domain were modeled manually. The structure of holo-PA1221
was built and refined as described for the apo-PA1221
structure.

The ligands for both structures were generated using
Jligand,** and chirality was manually restrained according to
previously deposited phosphopantetheine and AMP definitions.
Structure factors and coordinates for both the apo and holo
structures have been deposited in the Protein Data Bank as
entries 4DG8 and 4DGY, respectively.

B RESULTS

Substrate Specificity and Activity of the PA1221
Protein. We first determined the substrate specificity of the
PA1221 adenylation domain. Bioinformatic analysis using the
amino acid residues likely to form the substrate-binding
pocket™** predicted a preference for small, aliphatic amino
acids. We set up a broad spectrum of amino acids, as well as 4-
chlorobenzoate, 2-aminobenzoate, and acetate, to cover a range
of potential substrates. Valine resulted in the highest activity,
with Ile, Leu, and Ala utilized as substrates at a lower rate

(Figure 2).
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Two mutant enzymes were produced to analyze intra- versus
intermolecular substrate loading (see below). We tested the
role of Lys499, a conserved catalytic residue from the Al0
motif, for its involvement in the adenylation reaction. Analysis
of adenylation activity with the K499L mutant resulted in
roughly 1% of the WT activity in the presence of S mM valine,
consistent with other Al0 mutants belonging to the ANL
superfamily.*> We also created the S353A mutant, altering the
PCP domain site of cofactor addition to make an obligate
apoprotein. The SS53A mutant incorporated radiolabeled
pyrophosphate at levels similar to that of the WT (Figure 2),
showing that adenylate forming activity is independent of
addition of a cofactor to the PCP.

The P. aeruginosa MbtH-like Protein PA2412 Has No
Effect on Adenylation Activity. Many NRPS biosynthetic
clusters contain a small, ~70-residue protein that enhances the
adenylation activity of NRPS adenylation domains.****
Members of the MbtH-like family of proteins contain a
conserved hydrophobic patch on one surface of the protein’
that has been shown to be important for this enhanced
adenylation activity.** P. aeruginosa contains a single MbtH-like
protein that is upregulated with the biosynthetic operon for the
peptide siderophore pyoverdine. Because MbtH-like proteins
have been shown to act on multiple NRPS clusters within one
organism,47'48 we tested the effects of PA2412 on the
adenylation activity of PA1221. PA2412 did not enhance the
PA1221 adenylation reaction (Figure 2).

Structural Characterization of Apo-PA1221. We
subjected apo-PA1221 to crystallization trials in the presence
and absence of different combinations of nucleotides and amino
acids. In the presence of 1 mM ATP and valine, apo-PA1221
crystallized in space group P4;2,2 with one molecule in the
asymmetric unit. The structure was obtained by molecular
replacement using the full-length PheA as a search model. The
initial electron density deteriorated at Asp417, the hinge
residues joining the N- and C-terminal subdomains, indicating
that PA1221 was not in the adenylate-forming conformation
adopted by PheA. The C-terminal subdomain was therefore
removed and rebuilt manually. The final model refined to R and

dx.doi.org/10.1021/bi300112e | Biochemistry 2012, 51, 3252—3263
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Rgeo values of 18.6 and 23.4%, respectively (Table 1), and
includes residues 15—510 and 243 water molecules. No

Table 1. Crystallographic Data Collection and Refinement

Statistics
apo-PA1221 holo-PA1221
Data Collection
beamline SSRL BL 9-2 SSRL BL 9-2
wavelength (A) 0.9795 0.9795
space group P4;2,2 C222,
unit cell a, b, ¢ (A) 92.56, 92.56, 53.19, 231.18,
164.39 122.05
no. of molecules in the one one
asymmetric unit
resolution range (A) 30.0-2.15 61.0-2.55
no. of observations 275595 97138
no. of unique reflections 36771 25006
completeness (%) (outer) 92.83 (91.3) 100 (99.4)
I/o (outer) 12.7 (2.2) 94 (2.2)
Riperge (%) (outer) 8.7 (49) 114 (57.1)
Structure Refinement

resolution range (A) 29.38—-2.15 61.03—2.55
R (%) 186 182
Reee (%) 234 238
no. of protein/solvent atoms 3780/243 4389/77
rmsd for bond distances (A) 0.009 0.008
rmsd for bond angles (deg) 127 1.36
average B factor (A?)

protein, solvent, ligands 38.1, 37.8, 26.3 40.6, 32.6, 27.7
Ramachandran analysis (%)

preferred 97.6 95.6

allowed 1.8 35

outliers 0.2 0.2

electron density was observed for the PCP domain, residues
512—618. SDS—PAGE analysis of comparable crystals showed
no protolysis had occurred. The C-terminal loop containing the
catalytic Lys499 is poorly ordered, and residues Ala496—
LeuS00 are not included in the final model.

The structure of the PA1221 adenylation domain is similar to
prior structures of ANL enzymes (Figure 3A). The N-terminal
domain aligns with PheA with a root-mean-square distance
(rmsd) of 1.5 A over 323 Ca atoms of homologous residues.
The C-terminal domain similarly aligns with an rmsd of 1.4 A
over 68 Ca atoms. The active site contained AMP bound in the
nucleotide binding pocket. Electron density was observed near
the AMP in the acyl binding pocket (Figure 3C). We modeled
this density as a molecule of valine, glycine, and (2R,3R)-
(—)-butanediol and found that the latter, which was used as the
cryoprotectant, refined most optimally. A second molecule of
cryoprotectant was modeled in density close to Trp256.

The PA1221 adenylation domain contains two subdomains,
the larger N-terminal subdomain of residues 16—417 and the
smaller C-terminal subdomain of residues 418—510. Asp417 is
the “hinge residue” that has been shown to exhibit the primary
conformational change to accommodate the two catalytic
conformations.'® Ten conserved motifs, labeled A1—A10, have
been described for this enzyme family.>"* Aside from the partial
disordering of motif A10, PA1221 contains no deviations from
these conserved motifs, which appear to play similar roles as
observed previously.

Structural Characterization of Holo-PA1221. The
structure of apo-PA1221 did not allow us to observe the
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Figure 3. Structures of apo- and holo-PA1221. (A) Ribbon diagram of
apo-PA1221 with the N-terminal domain colored gray, black, and
wheat and the C-terminal subdomain highlighted with orange helices.
The A8 loop, an antiparallel sheet that immediately follows the hinge
at Asp417, is colored yellow, and the N- and C-termini are indicated
with blue and brown spheres, respectively. (B) Ribbon diagram of
holo-PA1221, colored as in panel A with the PCP colored red and the
four helices labeled 1—4. Lys499, the catalytic lysine from the AlO
motif, is shown as sticks. The same loop, Ala496—LeuS00, is
disordered in the apo structure and is shown with a dotted line in
panel A. (C) Stereo image of the apo-PA1221 active site with AMP
and (2R,3R)-(—)-butanediol and F, — F, difference density contoured
at 30. (D) Stereo image of the holo-PA1221 phosphopantetheine
tunnel and active site with phosphopantetheine and Val-AVS with F,
— F, difference density contoured at 3. Both electron density maps
were created with coefficients calculated prior to inclusion of ligands in
the model.

PCP domain (Figure 3A). We therefore employed the use of a
vinyl-sulfonamide inhibitor*’ designed to capture the incoming
phosphopantetheine moiety of the carrier domain upon
reaction with the adenylate mimic. Holo-PA1221 cocrystallized
with the inhibitor in space group C222, with one molecule in
the asymmetric unit. The structure was determined using
molecular replacement with apo-PA1221 as the search model.
The holo-PA1221 protein also adopted the thioester-forming
conformation. In this crystal form, the PCP domain was
resolved (Figure 3B) and built through residue 602, of 618.
The model refined to R and Rg,, values of 18.2 and 23.8%,
respectively (Table 1). Several loops show weak electron
density. An N-terminal loop encompassing residues Thr134—
Cys141 is weakly ordered. The linker that joins the adenylation
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Figure 4. Stereo representations of holo-PA1221. (A) Ribbon diagram of the interaction between the adenylation and PCP domains. The PCP is
colored red, while the adenylation domain is colored as in Figure 3B. Several residues from the adenylation domain are labeled in black to orient the
viewer. PCP residue Ala561 is labeled red; this residue is located on helix 2. The residues that form the hydrophobic interface with this helix include
Thr264 and Leu268. Leu261 and Leu265 are shown but not labeled for the sake of clarity. Val45$ is shown interacting with Leu554 and LeuSSS5,
which are not labeled. Residues that contribute to the hydrogen bonding network include Arg450, Arg452, Asn453, and GIn457, which are shown.
These residues interact primarily with main chain atoms of the PCP. (B) Phe213, the conserved aromatic residue of the A4 muotif, is stabilized by
interactions with aromatic residues Tyr425 and Trp480 of the C-terminal domain. Rotation of Phe213 opens the phosphopantetheine tunnel,

allowing proper binding of the pantetheine for thioester formation.

domain to the PCP is disordered from residue S11 to SI9.
Within the PCP domain, the regions that interact with the
adenylation domain, residues GlyS50—Ser563, exhibit the best
electron density compared to the regions distal to the domain
interface. After the fourth helix at residues Asp584—Arg593, the
chain adopts the start of a fifth helix at Pro597—Leu601, which
packs against the first helix of the PCP domain. The final 13
residues of PA1221 are disordered.

Ser553, the phosphopantetheine attachment site, had
continuous positive difference density reaching from the serine
side chain to the active site located in the interface between the
adenylation N- and C-terminal subdomains (Figure 3D). The
phosphopantetheine and the Val-AVS inhibitor were modeled
into the positive F, — F, difference density as one molecule,
reflecting the covalent reaction of the thiol with the
vinylsulfonamide linker.

Active Site Interactions of the Adenylation Domain.
The crystal structure of the enzyme bound to Val-AVS provides
a detailed view of the enzyme active site (Figure 4), illustrating
the interactions with the nucleotide, amino acid substrate, and
phosphopantetheine moieties. The adenine binds in a hydro-
phobic pocket formed on one side by the aromatic side chains
of Tyr307 and Phe412 and on the other side by the main chain
of Gly283, Asp284, and Ile285. The ribose hydroxyls both
interact with the side chain of Asp400 of the A7 motif. The
sulfonamide nitrogen interacts with the side chain of Lys421, a
residue on the turn that follows the hinge residue of the
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adenylation domain. The valine amine interacts with the side
chain of Asp214 and the main chain carbonyl of Thr314, which
is the only outlier in the Ramachandran analysis in both
structures. The strained torsion angles of Thr314 (® = 74, and
¥ = —91) may th orient the Asp214 side chain. As observed
previously,""">***! the phosphopantetheine forms limited
interactions with the protein. The amide nitrogens hydrogen
bond to the carbonyls of Asn423 and Gly424, residues on the
A8 loop that follows the hinge. There are no interactions
between the adenylation domain and the phosphate from the
cofactor.

After the first structural elucidation of an NRPS adenylation
domain, several groups analyzed the residues that form the
amino acid binding pocket and noted the correlation between
the identity of these residues and the substrate specificity.*">>
We examined the valine binding pocket to compare to the prior
predictions (Figure S1 of the Supporting Information).
Generally, the Stachelhaus*' substrate specificity conferring
code (DALWLGGTFK) agrees well with the active site
residues in the model. This original prediction was based on
the large phenylalanine substrate of PheA.’ Analysis of the
PA1221 structure demonstrates, however, that several of the
predicted residues are more than 6 A from the valine and
therefore may be more susceptible to substitution without
impacting substrate specificity. In particular, Leu218, Leu280,
and Gly306, the residues structurally equivalent to Trp239,
11e299, and Ala322 of PheA, respectively, are removed from the
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binding pocket and likely do not contribute to the specificity
except through potential “second-shell” interactions.

A conserved aromatic residue forms the A4 motif of the ANL
adenylating enzymes.'> This residue is positioned over the
adenylate in the adenylate-forming conformation and rotates
away to clear the phosphopantetheine tunnel in the thioester-
forming conformation. This rotation appears to be controlled
by the residues present in the A8 motif that interact with the
aromatic side chain of the A4 residue. In PA1221, the A4
residue, Phe213, interacts with Tyr425 and Trp480, which are
both located on the C-terminal subdomain (Figure 4B). This
hydrophobic interaction mimics the direct hydrogen bonding
interaction observed in other ANL enzymes between an A4
histidine residue and a glutamic acid from the A8 loop.'” Other
important residues on the C-terminal subdomain that interact
with the N-terminal domain include Lys456, which hydrogen
bonds to Asp284, and Arg426, which forms a salt bridge with
Glu311.

Functional Analysis of Intra- versus Intermolecular
Loading with the PA1221 Protein. Because the EntE-B
protein crystallized as a domain-swapped dimer with the PCP
domain from one chimeric protein molecule donated to the
adenylation domain of a partner,'' we were sensitive to the
possibility that the PA1221 protein could also adopt such a
dimeric interaction. In the structure of holo-PA1221, the linker
that joins the adenylation and PCP domains is disordered.
Within one crystallographic asymmetric unit, the C-terminus of
the adenylation domain (Glu510) is 17 A from the start of the
carrier domain (Leu520). GluS10 is 24 A from the Leu520
residue of a symmetry-related molecule. Thus, while the
distance for the intramolecular interaction was shorter, the nine
disordered residues from position 511 to 519 could span the 17
or 24 A to form either the intra- or the intermolecular
interaction, respectively.

To investigate whether PA1221 preferred to load the PCP
domain intramolecularly rather than intermolecularly, we
created two mutants of PA1221. The first mutated enzyme,
K499L, contained a substitution in the conserved Al0 catalytic
lysine and was designed to be defective for the adenylation
partial reaction. The second mutation, SS553A, replaced the
pantetheinylation site Ser553 with an alanine. We tested both
enzymes in the PP, exchange assay (Figure 2) and
demonstrated that the K499L mutant was defective for the
adenylation reaction while the S553A mutant retained activity
for the first partial reaction.

We then asked whether these proteins were competent for
loading with [*H]valine (Figure SA). Wild-type PA1221 was
able to load valine in an ATP-dependent manner. Neither the
A10 mutant K499L nor the PCP mutant SSS3A could load
valine. We then combined the two mutant proteins in equal
amounts and demonstrated that [*H]valine could be loaded.
This combination of the two mutant proteins showed that the
active adenylation domain of the S553A mutant could react
intermolecularly to load the pantetheine of the K499L mutant
enzyme (Figure S).

Detailed kinetic analysis is challenged by the fact that for the
intramolecular activity of the wild-type protein, we can achieve
only a single turnover per protein molecule. We therefore used
a time course to assess loading (Figure S). The protein was
monitored on ice, slowing the reaction sufficiently to allow
analysis. The wild-type reaction mixture contained 12 M holo-
PA1221. A second reaction mixture contained the K499L and
S553A mutant proteins at 12 uM each (total protein
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Figure 5. Functional analysis of intra- vs intermolecular loading with
the PA1221 protein. The top panel shows the initial loading of
[*H]valine onto PA1221 at 37 °C. The individual bars represent
averages of two assays with the wild-type enzyme in the absence
(WT-) and presence (WT) of ATP, the K499L mutant (A10—), and
the S553A mutant (PCP—) and a co-incubation reaction mixture
containing equal amounts of the K499L and SS553A mutant enzymes
(Comp). Results are expressed as nanomoles of valine incorporated
per nanomole of functional PCP as the experiment with the
compensatory mutants used equal amounts of total protein, or half
as much of each functional domain. In the bottom panel, the reaction
was monitored on ice, slowing the reaction for the observation of
differences between the WT and the combination of the K499L and
$553A mutant enzymes. Charging with [*H]valine was monitored over
2 h. Loading of the WT enzyme is represented by the filled squares.
The intermolecular reaction, forced through the reaction mixture
containing equal amounts of the two compensatory mutants, K499L
and S553A, is represented by the empty circle. All data points,
reflecting duplicate reactions at each time point, are shown. The filled
gray circle is an anomalous data point from the compensatory mutant
experiment that was omitted from the linear regression plot to better
represent the rate of incorporation. Results are expressed as
nanomoles of valine incorporated into the 3 nmol of the holo-PCP
domain used in both experiments.

concentration of 24 uM). This combination of compensating
mutant enzymes showed activity; however, the rate of the
reaction of the wild-type protein was nearly 10 times greater.
This result showed that the intramolecular loading occurs faster
than the obligate intermolecular loading (Figure S). Thus, the
PA1221 adenylation domain prefers to load the fused PCP
domain within a single protein chain.

The activity and the distance analysis suggest that the
asymmetric unit represents a single protein molecule with a
disordered linker between the adenylation and PCP domains.
However, until a structure with a linker containing visible
electron density is determined, we cannot strictly rule out the
possibility that the current structure is an intermolecular dimer,
as observed with the EntE-B structure.''

Interactions between the Adenylation and PCP
Domains. The rotation of the C-terminal subdomain into
the thioester-forming conformation allows the PCP to interact
with both N- and C-terminal regions of the adenylation domain
(Figure 4A). There are two regions that form these
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interactions. One region is mostly hydrophobic, while the
second is a network of hydrogen bonding interactions.

The hydrophobic patch of interactions occurs between helix
2 from the PCP and Ala259—Leu268 that form a helix from the
N-terminal subdomain. Along PCP helix 2, LeuS54, LeuSS7,
and AlaS61 interact with Leu261, the methyl group of Thr264,
Leu26S, and Leu268 from the N-terminal subdomain. In the
SrfA-C structure, helix 2 of the PCP is aligned parallel to a helix
within the condensation domain. Thus, helix 2 adopts parallel
helical stacking interactions to interact with both the
adenylation and condensation domains. Also contributing to
this hydrophobic interaction are Leu554 and LeuSSS at the
beginning of helix 2 of the PCP and Val45S$ in the C-terminal
subdomain.

The hydrogen bonding interactions occur mostly between
loop 1 of the PCP and the C-terminal subdomain. These
interactions reside mostly along loop 1 of the PCP and the loop
connecting f-strands 3 and 4 in the C-terminal subdomain.
Arg450 and Arg452 of the C-terminal subdomain interact with
the main chain carbonyls of Glu533—Gly536. The side chain of
GIn457 hydrogen bonds with the main chain carbonyls of
LeuS3S and GlyS50. Finally, the side chain of Asn552, located
just before the phosphopantetheine attachment Ser553, forms a
hydrogen bond with the main chain carbonyl of Lys456. An
aspartic acid at this residue was proposed to be a critical
interalcltion between the EntE adenylation domain and the EntB
PCP.

B DISCUSSION

We present here the crystallographic structure of an NRPS
adenylation domain bound to a PCP domain in a functional
interaction. The structure, like the structure of the engineered
EntE-B chimeric protein,'" was determined through the use of
a vinylsulfonamide inhibitor** that mimics the adenylate
intermediate and reacts covalently with the incoming thiol
from the phosphopantetheine cofactor. The inhibitor was
critical for trapping the PCP domain as the structure of the apo-
PA1221 protein lacking the inhibitor resulted in a carrier
domain that could not be observed in the electron density. The
inhibitor provides a means of trapping the conformationally
flexible protein and allowing crystallization. The structure of the
enzyme inhibitor complex also provides exquisite insights into
the active site. Comparison of the PA1221 structure with other
multidomain NRPS enzymes illustrates the large-scale con-
formational changes that are necessary to deliver the carrier
protein to neighboring catalytic domains.>

The C-terminal subdomain of the PAI1221 adenylation
domain adopts the expected thioester-forming conformation
for interactions with the PCP domain. The C-terminal
subdomains of both the apo and holo forms of the protein
superimpose well, except for residues Arg450—GIn457. This
loop between the two longest f-strands of the C-terminal
domain moves to accommodate helix 2 of the PCP domain and
the phosphopantetheine in the holo structure.

Immediately following the hinge at residue Asp417 is a two-
stranded antiparallel f-sheet (motif A8). In the adenylate-
forming conformation, this motif is directed away from the
active site, while in the thioester-forming conformation, it
points into the active site. In this conformation, 7 of the 10
residues on this loop play important roles, including
interactions with the adenylate analogue (GIn419, Lys421,
and Arg426), the phosphopantetheine moiety (Asn423 and
Gly424), and the N-terminal subdomain (Asn423, Tyr42S,
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Arg426, and Asp428). This loop therefore plays a major role in
the architecture of the thioester-forming conformation.
Comparison of the Holo-PA1221 Structure to the
EntE-B Interface. We compared the structure of PA1221 to
the structure of the interaction between the EntE adenylation
domain and the EntB carrier protein domain (Figure 6). These
two domains were genetically fused to form a chimeric
protein.'’ The C-terminal subdomains of EntE and the
PA1221 adenylation domain are 26% identical in sequence
over 105 residues. The EntB and PA1221 PCP domains are

A

Figure 6. Comparison of holo-PA1221 and EntE-B. (A) Interaction of
the EntE-B protein (Protein Data Bank entry 3RG2) with the N-
terminal domain (gray), the C-terminal subdomain (green), and PCP
(forest green). The N- and C-termini and the hinge residue are shown
as blue, brown, and red spheres, respectively. The orientation is similar
to the orientation of PA1221 in Figure 3. (B) C-Terminal subdomains
and PCP domains of holo-PA1221 and EntE-B structurally aligned by
least-squares fitting of N-terminal domains, which are not shown for
the sake of clarity. The N-terminal domain helices that interact with
helix 2 of the PCP are colored gray for both PA1221 and EntE-B and
labeled N’ helix.
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PA1221

Adenylate-Forming Thioester-Forming

Figure 7. Comparison of holo-PA1221 with SrfA-C adenylation and PCP domains. (A) The PA1221 and StfA-C proteins were aligned on the basis
of the N-terminal subdomain for comparison of the overall organization of C-terminal subdomains and PCPs. Where the (left) PA1221 carrier
domain packs against the adenylation domains, the SrfA-C protein (right) extends the PCP to interact with the neighboring condensation domain.
(B) The SrfA-C (blue) and PA1221 (orange and red) C-terminal subdomain and PCPs were aligned on the basis of the central sheet in the C-
terminal subdomain. A stereo representation illustrates the differences in rotations of the PCP domain relative to the C-terminal subdomain. The
pantetheine attachment site at the start of helix 2 of the PCP is highlighted in yellow. (C) Schematic model for the role of domain alternation in the
movement of modular PCPs. Each panel illustrates the SrfA-C adenylation and PCP domains. The N- and C-terminal subdomains are colored gray
and orange, respectively; the PCP is colored red. The adenylate-forming model is the orientation of the experimentally determined adenylation and
PCP domains from Protein Data Bank entry 2VSQ. The middle model was created by superposing the C-terminal subdomain and PCP of Protein
Data Bank entry 2VSQ_as a rigid body onto PA1221, using the C-terminal subdomains for alignment. In this model, the PCP and N-terminal
subdomains overlap, illustrating that a second component of rotation is needed to adopt the assumed thioester-forming model (right), which was
created by superimposing both the SrfA-C C-terminal subdomain and the PCP onto the similar domain orientation in PA1221.

20% identical in sequence over 66 core residues. Nonetheless, subdomain share a substantial interface that is not believed to
the orientation of the carrier domains is very similar in the two change in different catalytic states. The adenylation C-terminal
adenylation domain—PCP complexes. There are small differ- subdomain, the PCP, and the thioesterase domains likely move
ences in the nature of several of the structural elements in the relative to this ordered “platform” to facilitate the necessary
two structures. For example, helix 1 is longer by one turn in the domain interactions."* Unlike the more compact PA1221
PA1221 structure and a portion of loop 1 that joins helices 1 structure, the SrfA-C adenylation domain adopts an extended
and 2 adopts a different orientation. However, it is clear that the conformation (Figure 7A) that positions the PCP away from
main elements of the interface are remarkably conserved. Helix the adenylation active site, allowing it to approach the
2 of the PCP stacks against a helix from the N-terminal domain. condensation domain.
The loop that precedes the phosphopantetheine attachment Members of the ANL superfamily of enzymes'>*"** use a
site forms multiple interactions with the C-terminal subdomain 140° domain rotation of the C-terminal subdomain to present
of the adenylating proteins. In both the PA1221 and EntE-B different residues to the same active site to conduct both steps
structures, the adenylation domains adopt the thioester-forming of the reaction.'>'® NRPS adenylation domains adopt both
conformation to recognize their partner PCP; the relative conformations, as well. The self-standing adenylation domain
orientation of the PCP with respect to the catalytic domain is DItA has been crystallized in both conformations, and
the same in both structures. mutations at opposing faces of the C-terminal domain of the
Adenylation Domain Alternation and NRPS Domain self-standing adenylation domain EntE impair only one of the
Choreography. The shared conformational states of EntE-B two partial reactions.”’ The latest multidomain structures of
and PA1221 now allow comparison of the structures of the SrfA-C, approximating the adenylate-forming conformation,
PA1221 protein and the SrfA-C termination module'* to and EntE-B and PA1221, in the thioester-forming orientation,
provide insights into the necessary conformational dynamics confirm the existence of both states in multidomain NRPSs.
that could govern NRPS biosynthesis (Figure 7). In the SrfA-C We asked whether the rotation of the adenylation C-terminal
structure, the condensation domain and adenylation N-terminal subdomain directly guides the PCP into the adenylation active

3260 dx.doi.org/10.1021/bi300112e | Biochemistry 2012, 51, 32523263



Biochemistry

site by determining if the C-terminal subdomain and the PCP
move as a rigid body. We aligned fragments of SrfA-C and
PA1221, composed of the C-terminal subdomain and the PCP,
using the central sheet of the C-terminal subdomains as the
basis for the alignment (Figure 7B). This shows that the relative
orientations of the PCP and C-terminal subdomains differ, and
that they do not behave as a single rigid body in the states
captured crystallographically in the SrfA-C and PA1221
structures. Therefore, there are two components of the rotation
needed to align both the C-terminal subdomain and the PCP
(Figure 7C).

The structures of SrfA-C,'* PA1221, and EntE-B" provide
exquisite insights into the molecular choreography of modular
NRPSs. To catalyze the first partial reaction, the adenylation of
the amino acid and displacement of pyrophosphate, the C-
terminal subdomain and PCP will be positioned away from the
adenylation N-terminal subdomain in a conformation similar to
that of SrfA-C. Upon completion of the adenylation reaction,
the C-terminal domain rotates into the thioester-forming
conformation as seen in EntE-B and PA1221. This domain
alternation in the adenylation subdomain does not, on its own,
bring the PCP domain directly into the active site. Rather, the
rotation brings the PCP close to the newly formed binding
interface, composed of regions from both the N- and C-
terminal subdomains, and flexibility in the linker joining the
adenylation and PCP domains allows the PCP to rotate into
the proper position to allow the delivery of the pantetheine to
the phosphopantetheine tunnel. Upon thioester formation, the
loaded cofactor exits the adenylation domain and the C-
terminal subdomain returns to a conformation that approx-
imates the adenylate-forming conformation. This rotation
allows delivery of the loaded PCP domain to the upstream
condensation domain in the conformation adopted by SrfA-C.

From here, upon peptide bond formation, the PCP must be
delivered to a downstream catalytic domain, either a
condensation domain of the next module or a thioesterase
domain. Structures of PCP thioesterase domain complexes
derived from NMR and crystallography exist,>'® and further
analysis of these structures in the context of the new insights
into adenylation domain—PCP domain interactions will
ultimately provide a better understanding of all of the steps
in the choreography of the NRPS catalytic cycle.

B ASSOCIATED CONTENT
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General methods, materials, and experimental procedures for
synthesis of the Val-AVS inhibitor and an illustration of the
amino acid binding pocket (Figure S1). This material is
available free of charge via the Internet at http://pubs.acs.org.
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B ADDITIONAL NOTE

“The genome of P. aeruginosa strain PAOL1 is predicted to
encode 5530 open reading frames.’® These have been
designated using PAXXXX as a template for each gene and
protein.
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