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Abstract

The unusual feature of a £butyl group is found in several marine-derived natural products
including apratoxin A, a Sec61 inhibitor produced by the cyanobacterium Moorea bouillonii PNG
5-198. Here we determine that the apratoxin A #butyl group is formed as pivaloyl acyl carrier
protein (ACP) by AprA, the polyketide synthase (PKS) loading module of the apratoxin A
biosynthetic pathway. AprA contains an inactive “pseudo” GCN5-related N-acetyltransferase
domain ('Y GNAT) flanked by two methyltransferase domains (MT1 and MT2) that differ
distinctly in sequence. Structural, biochemical, and precursor incorporation studies reveal that
MT2 catalyzes unusually coupled decarboxylation and methylation reactions to transform
dimethylmalonyl-ACP, the product of MT1, to pivaloyl-ACP. Further, pivaloyl-ACP synthesis is
primed by the fatty acid synthase malonyl acyltransferase (FabD), which compensates for the
WGNAT and provides the initial acyl-transfer step to form AprA malonyl-ACP. Additionally,
images of AprA from negative stain electron microscopy reveal multiple conformations that may
facilitate the individual catalytic steps of the multienzyme module.
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INTRODUCTION

Marine organisms are rich sources of bioactive natural products! 2, providing potential leads
for new pharmaceuticals. Cyanobacteria produce a myriad of polyketide and non-ribosomal
peptide secondary metabolites, which are synthesized by polyketide synthase (PKS) and
non-ribosomal peptide synthetase (NRPS) assembly lines using acyl-coenzyme A (CoA) or
amino acid building blocks, respectively. Interestingly, a number of marine natural products
contain butyl groups3-1°, a chemical moiety that is relatively rare in nature20, Typically, &
butyl groups in natural products are encountered either as modified amino acids*~/, terpene-
derived pendant chains on the D-ring of steroids8, or in PKS/NRPS-derived molecules3: -15
primarily found in the metabolomes of sponges or cyanobacteria.

Although butyl-containing natural products were first identified over 50 years ago??, only
one route for £butyl biosynthesis has been characterized® 8, which involves a cobalamin-
dependent radical S-adenosylmethionine (SAM) enzyme. Apratoxin A2 is a tbutyl
containing cytotoxic Sec61 inhibitor (Figure 1a) produced by the marine cyanobacterium
Moorea bouillonii PNG5-19822-24 However, the gene cluster for apratoxin A biosynthesis
encodes no homolog of the cobalamin-dependent radical SAM enzymes previously
implicated in £butyl synthesis, which should occur in the initial steps of the pathway.
Instead, synthesis of the #butyl group in the form of pivalate is proposed to be carried out by
AprA, an unusual polyketide loading module containing a GCN5-related A-acetyltransferase
(GNAT)-like domain flanked by two methyltransferase domains (MT1 and MT2) (Figure
1b)22. GNAT-like domains typically decarboxylate CoA- or ACP-linked substrates2>-27, and
the founding member was also associated with the subsequent acyl transfer from CoA to an
ACP domain during the initiation of curacin A biosynthesis2>. However, we previously
showed that the AprA GNAT is truncated and lacks catalytic residues essential for
decarboxylation, and thus re-annotated it as a “pseudo” GNAT (¥ GNAT)28. AprA MT1 and
MT2 share very low amino acid sequence identity, but MT2 is more than 30% identical to C-
methyltransferases (C-MT) found in some PKS extension modules. PKS C-MTs of this type,
for example the CurJ C-MT, methylate the a-position of B-keto intermediates during cycles
of polyketide chain extension and modification?®. Several variants of the marine natural
product bryostatin also have a £butyl substituent!l, and a homolog of AprA (MT1-¥ GNAT-
MT2-ACP) exists within BryX in the bryostatin pathway30.

Previously, we characterized two initial steps in the biosynthesis of the apratoxin A starter
unit, demonstrating that AprA MT1 is a mononuclear iron-dependent methyltransferase that
forms dimethylmalonyl-ACP (Me,Mal-ACP) from malonyl-ACP (Mal-ACP) and two
equivalents of SAM (Figure 1c)?8. Thus, conversion of Me,Mal-ACP to the pivaloyl starter
unit requires a decarboxylase and a methyltransferase. The acyltransferase that initiates
apratoxin A biosynthesis by forming Mal-ACP (Figure 1c) also remains to be identified.

To determine whether AprA can form pivaloyl-ACP, we characterized the catalytic activity
of the MT2, solved a crystal structure of the ¥ GNAT-MT2 didomain, and conducted stable-
isotope labeled feeding experiments with live cultures of M. bouilloniifPNG5-198. MT2 is a
remarkable bifunctional enzyme that catalyzes the coordinated decarboxylation and
methylation of Me;Mal-ACP to produce pivaloyl-ACP. As no AprA catalytic domain can
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perform the missing malonyl-acyltransfer step to initiate the pathway, we determined that the
M. bouillonii fatty acid synthase malonyl-acyltransferase, FabD, is an efficient catalyst for
the formation of Mal-ACP from Mal-CoA, indicating crosstalk between primary and
secondary metabolic pathways in M. bouillonii. Furthermore, a model of the AprA full
module based on the crystal structures of the AprA MT1-¥GNAT?8 and ¥ GNAT-MT2
didomains was validated by negative-stain electron microscopy (EM) of AprA AACP in
solution, revealing a flexible overall architecture that may facilitate the individual catalytic
steps.

RESULTS AND DISCUSSION

Origin of the t-butyl group: SAM-derived methyl groups incorporated into apratoxin A

In order to examine the incorporation of methyl groups from SAM into the #butyl group of
apratoxin A in vivo, [methyl-13C]methionine, the immediate metabolic precursor and methyl
donor to SAM, was provided to M. bouillonii PNG5-198 cultures. Apratoxin A was
subsequently purified from these cultures, and incorporation of 13C into specific carbon
atoms in the molecule was monitored by 13C NMR and compared with purified apratoxin A
grown without label. Carbons 41-43, comprising the #butyl group in apratoxin A, were
enriched by 99.0%, or 1.99-fold in the sample supplemented with [methyl-13C]methionine
relative to an unlabeled sample; 13C NMR signals not deriving from the SAM methyl group
were essentially unchanged (Figure 1a, Table 1.) Additionally, in order to support the idea
that methylmalonyl-CoA does not provide one of the methyl groups in the #butyl moiety, we
provided the producing culture with [1-13C]propionate, a precursor to methylmalonyl-CoA
(MeMal-CoA) in bacterial PKS biosynthesis. We observed only natural-abundance
incorporation at C39, the predicted position of possible incorporation into apratoxin A
(Supporting Figure 1, Supporting Tables 1 and 2), indicating that Mal-ACP is the preferred
AprA substrate. This is consistent with our previous determination that Mal-ACP is the
substrate for AprA MT1, which performs two methylations to produce Me,Mal-ACP
(Figure 1c)28.

AprA MT2 is a dual function decarboxylase and methyltransferase

To test the activity of AprA MT2, we incubated it with the Me,Mal-ACP product of AprA
MT1 in the presence of methyl donor SAM, and analyzed the reaction mixture by intact
protein mass spectrometry. Unexpectedly, we observed the production of pivaloyl-ACP,
indicating that MT2 is a bifunctional enzyme, carrying out both decarboxylation and
methylation (Figure 2a, Supporting Figure 2a). To verify the generality of this bifunctional
activity, we produced the BryX MT2 domain (40% sequence identity to AprA MT2) from a
homologous module?8 in the bryostatin biosynthetic pathway30. BryX MT2 also produced
pivaloyl-ACP (Figure 2a, Supporting Figure 2b), suggesting that BryX is the £butyl-
producing module in bryostatin biosynthesis.

Precedent for dual decarboxylation/methyl transfer activity exists in enzymes that function
in epigenetic regulation (DNA cytosine-C5 (C5)-methyltransferase)3l: 32 and corrin
biosynthesis (CbiT and CobL)33: 34, Like AprA MT2, CbiT and CobL catalyze coordinated
decarboxylation and methylation reactions, in which decarboxylation activates a distal
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carbon for methyl transfer34, whereas DNA C5-methyltransferase performs decarboxylation
independent of methyltransfer3l. AprA MT2, DNA C5-methyltransferase, CobL and CbiT
are members of the highly divergent class | methyltransferase superfamily, whose members
are identified by six conserved motifs in the nucleotide binding core3®. AprA MT2 is a
distant relative without significant sequence identity to DNA C5-methyltransferase, CbiT or
CobL beyond the conserved motifs.

Crystal structure of AprA YGNAT-MT2

To understand how AprA MT2 mediates its remarkable dual activities, we solved a 2.25-A
crystal structure of the W GNAT-MT2 didomain in complex with S-adenosylhomocysteine
(SAH) (Figure 3, Supporting Figure 3a, Supporting Table 3). The AprA YGNAT-MT2
didomain is dimeric in crystals and in solution, as determined by size exclusion
chromatography. In the crystals, the head-to-tail dimer interface includes a disulfide bond
between the Cys651 residues of the MT2 domains. A C651S amino acid substitution also
yielded dimeric protein, indicating that the Y GNAT-MT2 dimer is not a disulfide-dependent
artifact of the aerobic lab environment.

The WGNAT is truncated relative to functional GNAT homologs?® 27 and is connected to
MT2 by a 12 residue linker, validating our previous report that the Y GNAT (truncated
GNAT) within the AprA MT1-WGNAT structure is the full domain28. AprA MT2 is similar
to the cyanobacterial C-MT?2° from the CurJ extension module of curacin A biosynthesis
(33% sequence identity, RMSD of 1.3 A for 273 total Ca atoms, Supporting Figure 4) and
to the fungal citrinin PKS C-MT36 (229% sequence identity, RMSD of 2.1 A for 261 total Ca
atoms), including an extremely long N-terminal helix, a helical lid, and a SAM-binding core
with a helical insertion between p-strands 5 and 6. The SAM-binding core of AprA MT2
and CurJ C-MT are virtually identical (RMSD 0.48 A for 103 core Ca atoms), but their
respective lid domains are positioned slightly differently (Supporting Figure 3b).

Active site architecture

PKS C-MTs, such as Cur] ¢-MT2? and those in modules AprG and Aprl in the apratoxin A
pathway?2, catalyze a-methylation of the respective B-keto intermediates, the product of the
ketosynthase (KS) extension reaction, but do not act on the carboxylate substrate Mal-
ACP29.37.38 T gain insight into the bifunctional activity of AprA MT2, we compared the
active sites of AprA MT2 and CurJ &-MT2? (Figure 3c and Supporting Figure 3c), both of
which are produced by Moorea species. In both structures, SAH sits in a cleft between the
lid and core domains with strong electron density for the adenosine moiety and rather weak
density for the homocysteine portion (Supporting Figure 3a), indicating that the bound SAH
may not be captured in a catalytic conformation. The cleft between the lid and the core in
AprA MT2 is much shallower than in CurJ C-MT, due to the bulky Phe941 and Trp759 side
chains, correlating with the shorter Me,Mal-ACP substrate of AprA MT2 vs. the extended
B-keto intermediate methylated by Cur] C-MT29, The His-Glu dyad that is critical for
methylation by PKS C-MTs2?: 36 js conserved in MT2 (His914, Glu940) (Supporting Figure
4). However, several nearby amino acids differ in AprA MT2 and CurJ C-MT. Near the
SAH, Phe797 replaces a conserved Tyr that was hypothesized to facilitate methylation by
the CurJ C-MT through interactions with the SAM sulfonium (Supporting Figure 3c). Most
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interestingly, the catalytic His resides in a nearly invariant His-Ala-Thr (HAT) motif in PKS
extension-module C-MTs (Supporting Figures 3c and 4), while in AprA MT2, the analogous
sequence at the catalytic His914 is His-Asn-Thr.

Other differences exist in a small pocket behind the MT2 His-Glu dyad. In AprA MT2,
Gly952, Phe958 and Cys972 replace, respectively, Phe, Trp and Pro side chains, which are
conserved in extension module C-MTs (Supporting Information Figure 4). Based on their
sequences (Supporting Information Figure 4), identical pockets exist in AprA MT2 and
BryX MT2, which also carries out dual decarboxylation and methylation.

AprA MT2 is active on multiple substrates

Given the similarity of the AprA MT2 and CurJ C-MT active sites (Supporting Information
Figure 3c), we tested MT2 activity on acetoacetyl-ACP (AcAc-ACP), a substrate mimic for
Cur) C-MT?2, Similar to the PKS C-MT, AprA MT2 methylated AcAc-ACP to yield
dimethyl-acetoacetyl-ACP (Figure 2b). Dimethylation by PKS C-MTs has been reported
previously38-40, although no sequence motifs are apparent that delineate the ability to
catalyze one or two methylation reactions.

Given the promiscuity of AprA MT2 for both carboxylated and non-carboxylated acyl
groups, we tested MT2 activity on other potential substrates. Coordinated decarboxylation
and methylation activity also occurred with a MeMal-ACP substrate to produce isobutyryl-
ACP (Figure 2c). Interestingly, this corresponds with the natural occurrence of an isobutyryl
group in apratoxin C*1. However, product formation was approximately 4-fold slower with
MeMal-ACP than with Me,Mal-ACP, and the reaction with MeMal-ACP also produced
significant quantities of the propionyl-ACP product of decarboxylation only. The slower
turnover and shunt product indicate that MT2 is selective for MesMal-ACP (Figure 2c). We
also tested Mal-ACP as an AprA MT?2 substrate, but, unlike the MT2 activity with Me,Mal-
ACP or MeMal-ACP, we detected only the decarboxylation product acetyl-ACP (Figure 2d).
Mal-ACP decarboxylation occurred approximately 50-fold slower than the consumption of
Me,Mal-ACP, further demonstrating MT2 selectivity for the dimethylated acyl group.
Interestingly, Me,Mal-, MeMal-, and Mal-ACP decarboxylation required SAM; neither
SAH nor sinefungin, a stable SAM analog, supported decarboxylation activity. However,
SAM was not consumed during the decarboxylation reaction (see below; and Supporting
Information Figures 2c, 2d).

Reaction mechanism for AprA MT2

MT2-catalyzed methyl transfer was tightly coupled to decarboxylation, as the enzyme had
no activity with the decarboxylated intermediates isobutyryl- and propionyl-ACP. The
preferred and presumed native substrate was Me,Mal-ACP, which was rapidly and
exclusively converted to pivaloyl-ACP (Figure 2a). In contrast, reactions on non-native
substrates uncoupled decarboxylation and methylation. Substrate MeMal-ACP yielded
significant quantities of the propionyl-ACP shunt product of decarboxylation only (Figure
2¢), and substrate Mal-ACP vyielded only the decarboxylated product acetyl-ACP at a
significantly slower rate (Figure 2d).
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Coupling of decarboxylation and methylation requires that the reactions occur in one active
site. We used site directed mutagenesis to disrupt the conserved His-Glu dyad that is
responsible for methylation in PKS G-MTs2% 36 which are AprA MT2 homologs. Product
formation was monitored using the MS-based phosphopantetheine (Ppant) ejection assay,
where the Ppant fragment is dissociated from the ACP phosphoserine linkage during
ionization and used for quantification based on relative abundance of Ppant species*2 43,
Activity was evaluated with substrates for coupled decarboxylation and methylation
(Me,Mal-ACP and MeMal-ACP), decarboxylation only (Mal-ACP), and methylation only
(AcAc-ACP) (Figures 4a, 4b, 4c and Supporting Information Figures 5a, 5b, 5c, 5d).

The His-Glu dyad is essential for both decarboxylation and methylation by MT2. The
H914N and E940A variants had no activity on any substrate, including Mal-ACP, which
undergoes decarboxylation only, demonstrating that both the decarboxylation and
methylation reactions occur in one active site (Figures 3c and 4a). We hypothesize that
during decarboxylation, His914 accepts a proton and promotes decarboxylation by
stabilizing the developing negative charge at the thioester and the resulting enolate (Figure
4d). Methyl donation from SAM is likely simultaneous with collapse of the enolate to form
pivaloyl-ACP (Figure 4d).

As noted above, product formation was abrogated in the absence of SAM, which is
consistent with the absolute requirement for this cofactor to initiate decarboxylation,
although it is not consumed in the reaction (Supporting Information Figures 2c, 2d). Affinity
measurements for substrates in the presence of SAM, SAH, and sinefungin in other
methyltransferases** 4° indicated that interactions between the active site and the sulfonium,
which do not exist in our SAH-bound Y GNAT-MT2 crystal structure, may allow this class
of enzyme to organize the active site for productive catalysis only when SAM is present by
“sensing” small differences that occur upon methyl donor binding. Alternatively, electronic
effects of the SAM sulfonium ion, which are not present in SAH or sinefungin, may
facilitate the decarboxylation reaction.

In order to understand AprA MT2 decarboxylation compared to its non-decarboxylating
PKS C-MT homologs, such as CurJ C-MT, we introduced additional “CurJ like” amino acid
substitutions into the AprA MT2 active site. When Asn915, the amino acid following the
catalytic His914, is substituted with Ala, which is conserved in the extension-module C-MT
HAT motif, we observed near wild type or enhanced turnover (Figure 3c, 4a and Supporting
Information Figure 4). However, the N915A substitution decouples decarboxylation and
methylation on Me,Mal-ACP (Figure 4b) and MeMal-ACP (Figure 4c), as indicated by the
increase in production of the respective isobutyryl-ACP and propionyl-ACP shunt products
resulting from decarboxylation only.

Decoupling of decarboxylation and methylation of Me;Mal-ACP and MeMal-ACP also
occurred when MT2 Phe797 was substituted with Tyr (Figures 4b, 4c), which is conserved
in nearly all extension-module C-MTs (Supporting Information Figures 3c, 4). Notably, the
F797Y variant nearly eliminated decarboxylation activity on Mal-ACP, but had little effect
on methylation of AcAc-ACP (Figure 4a). We next examined the small pocket behind the
His-Glu dyad, which is unique to the bifunctional AprA MT2 and BryX MT2. An F958W
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substitution also decoupled decarboxylation and methylation of Me,Mal-ACP (Figure 4b)
and MeMal-ACP (Figure 4c) and, like the F797Y substitution, had little effect on
methylation of AcAc-ACP (Figure 4a). Occluding the small pocket with a G952F
substitution eliminated all activities, whereas substitutions at Cys972 within the pocket
(C972P, C972S) had modest effects.

As small amino acid substitutions to the AprA MT2 active site (N915A, F979Y, FO58W)
and minor substrate alterations (e.g. MeMal-ACP vs. Me,Mal-ACP) decoupled
decarboxylation and methylation, we conclude that AprA MT2 evolved from a methylation-
only enzyme to promote formation of pivaloyl-ACP. Given the weak electron density for
SAH in the AprA MT?2 crystal structure (Supporting Information Figure 3a), several amino
acids are likely not in their final catalytic positions. Therefore, we hypothesize that once in
catalytically competent positions, amino acids that couple methylation and decarboxylation
(Asn915, Phe797, Phe958 and perhaps others) either position the carboxylated substrates for
catalysis or stabilize the proposed enolate intermediate (Figure 4d). Stabilization of the
enolate and substrate positioning adjacent to the SAM methyl donor are essential as the
decarboxylated intermediate could readily collapse to the shunt product by accepting a
proton without methyl transfer.

FabD provides the initial acyl transfer step

As neither AprA MT1-YGNAT nor Y GNAT performed the malonyl transfer reaction (Mal-
CoA to Mal-ACP) to initiate apratoxin A biosynthesis?®, we tested AprA MT2 for malonyl
acyltransferase activity, but detected no transfer of malonyl from CoA to AprA ACP
(Supporting Information Figure 6a). Additionally, the gorgene cluster encodes no other
candidate acyltransferase for the initiation reaction.

Previous studies showed that the malonyl-acyltransferase (FabD) of fatty acid biosynthesis
in the producing organism can compensate for the lack of an acyltransferase in the initiation
module of some PKS systems*6: 47 Therefore, we identified fabD in the M. bouillonii
PNG5-198 genome?8, cloned the gene, and produced recombinant FabD in £, coli.
Incubation of FabD with AprA holo-ACP led to rapid formation of Mal-ACP (Figure 5,
Supporting Information Figure 6b). Surprisingly, AprA ACP shares only 20% sequence
identity with the M. bouilloniifatty acid synthase (FAS) ACP (AcpP). Additionally, ACPs
associated with GNAT-containing loading modules, such as AprA, clade separately from
both PKS extension-module ACPs and FAS ACPs (Supporting Information Figure 6¢) and
can be distinguished by a phenylalanine motif (Supporting Information Figure 6d).
Therefore, we tested the specificity of FabD for the AprA loading-module ACP relative to
extension-module ACPs in the apratoxin A pathway using the Aprl ACP (23% identity to
AprA ACP). Aprl is a typical PKS extension module with an embedded acyltransferase.
FabD catalyzed malonyl transfer to Aprl ACP, but was twofold faster for malonyl transfer to
AprA ACP (Figure 5). This is consistent with a previous report that FabD can compensate
for catalytically inactive acyltransferase domains in a modular PKS#°. We propose that M.
bouillonii exploits primary metabolism by using FabD from fatty acid biosynthesis to initiate
apratoxin A biosynthesis by providing the malonyl starter unit to the AprA ACP.

ACS Chem Biol. Author manuscript; available in PMC 2019 June 15.
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Modeling and EM visualization of the AprA module

The crystal structures of the AprA MT1-¥GNAT28 and ¥ GNAT-MT?2 fragments provided a
unique opportunity to model the overall architecture of AprA (MT1-¥YGNAT-MT2) by
superimposing the W GNAT domains of the two structures (RMSD of 1.0 A for 107 Ca).
The composite model (Figure 6a) lacks steric clashes as MT1 and MT2 contact opposite
faces of the YGNAT. The MT2 dimer sits at the center of the curved AprA model with the
MT1 domains on opposite sides. The ACP is missing in our model, but is connected to the
C-terminus of the MT2 dimer via a 44 amino acid linker.

We tested the AprA model using electron microscopy to visualize intact AprA AACP
(Figure 6b and Supporting Information Figures 7a, 7b). Consistent with the crystal structures
and the model, the negative-stain 2D class averages revealed a structure with overall
twofold-symmetry. A large central lobe, consistent with the MT2 dimer (96 kDa), is flanked
by two smaller lobes, each consistent with monomeric MT1-WGNAT (75 kDa) (Figure 6b).
MT1 is insoluble without ¥ GNAT28 whereas MT2 is a stable dimer, and accordingly the
flanking MT1- WGNAT has few contacts with MT2, suggesting that the WGNAT is
associated with MT1. The overall architecture of the AprA model is similar to classes
corresponding to ~30% of total particles, where the two MT1-WGNAT lobes are linear
relative to MT2. However, a similar number of particles belong to classes with a bent arch
shape where the MT1-W GNAT lobes appear repositioned relative to the MT2 dimer (Figure
6b).

The bent-state class averages were more uniform and of higher quality than the linear-state
classes. Thus, we extracted particles of the bent state and obtained a 3D reconstruction to
test whether the size and shape of the EM density was consistent with the crystal structures
(Figures 6¢ and 6d). The MT2 dimer crystal structure docks nearly perfectly into the EM
density, and the size and shape of the MT1-'W¥ GNAT correspond well to the flanking density.
In the bent conformation, MT1 is severely rotated relative to its position in the model based
on the crystal structures (Figure 6a, 6d and Supporting Information Figure 7c). In this
position, the MT1 active site entrance is inside the chamber of the AprA arch, ~50 A from
the ACP attachment site.

We hypothesize that AprA adopts different conformations during its catalytic cycle, and that
this may protect the substrate from aberrant reactions. In one conformation, the ACP must
be accessible to FabD to receive the malonyl starter unit. Given the promiscuity of AprA
MT2, Mal-ACP must be protected from the MT2 active site to prevent premature
decarboxylation prior to MT1 methylation. The MT1 reaction may occur in the bent state
where the MT1 active site entrance is closer to the ACP attachment site. Once MT1 has
formed MesMal-ACP, the MT1-WGNAT may swing to an open conformation to allow
access to the MT2 active site, where the decarboxylative methylation forms pivaloyl-ACP.

In conclusion, our complete characterization of the apratoxin A loading module AprA
describes a unique biochemical process to form #butyl groups in natural product
biosynthesis (Figure 4d), and clarifies a previously nebulous route to an unusual chemical
functionality. First, the FAS malonyl-acyltransferase FabD loads the AprA ACP with
malonyl from CoA. Malonyl-ACP is then dimethylated by the mononuclear iron-dependent
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methyltransferase AprA MT128, Dimethylmalonyl-ACP undergoes a coordinated
decarboxylation and methylation reaction by AprA MT2 to form pivaloyl-ACP. The
functional annotation of AprA serves as an identifier for gene clusters producing #butyl-
containing natural products, especially from marine sources, as exemplified by our
identification and characterization of BryX MT2 from the bryostatin biosynthetic pathway.
Our structural characterization of the full AprA module provides insight into the overall
architecture and mobility of this remarkable multifunctional module.

Details of experimental procedures are provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Production of a #butyl group by AprA. (a) Apratoxin A structure and distribution of SAM-

derived methyl groups. Feeding studies demonstrate that the #butyl group in apratoxin A is
derived from SAM. Percent enrichment over natural abundance and fold-change of SAM-
derived carbons (green circles) from [methyl-13C]methionine-fed cultures of M. bouillonii
PNG5-198 relative to native abundance apratoxin A are displayed. (b) Cartoon representing
AprA domains, which are proposed to produce pivaloyl-ACP: methyltransferase 1 (MT1),
pseudo GCNb5-related A-acetyltransferase (W GNAT), methyltransferase 2 (MT2), ACP. (c)
Reactions needed to produce pivaloyl-ACP. The conversion of malonyl-ACP to Me,Mal-
ACP has been characterized?8. The identities of the enzymes that catalyze acyltransfer from
Mal-CoA to ACP, decarboxylation of Me,Mal-ACP, and the third methylation reaction are
addressed in this study.
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Figure 3.
AprA YGNAT-MT?2 structure and active site. (a) AprA Y GNAT-MT2 head-to-tail dimer

colored by structural region (W GNAT, green; MT2 lid, pink; MT2 core, orange). SAH is
shown in stick form with atomic coloring (C, black; O, red; N, blue; S, yellow). N- and C-
termini are labeled for each monomer. (b) AprA WY GNAT-MT2 monomer colored by
structural region as in a. (c) AprA MT2 active site colored as in a. Amino acids subjected to
mutagenesis are shown in sticks.
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Figure 4.
Probing AprA MT2 activity via site-directed mutagenesis. (a) Relative activities for

reactions of AprA MT2 with Me;Mal-ACP, MeMal-ACP, Mal-ACP, and AcAc-ACP. Data
represent total product formed. Product ratios for data in (a) from coupled (decarboxylation
+ methylation) and uncoupled (decarboxylation only) reactions with (b) Me,Mal-ACP
(pivaloyl-ACP and isobutyryl-ACP), (c) MeMal-ACP (isobutyryl-ACP and propionyl-ACP).
All reaction species were quantified using the Ppant ejection assay*2: 43. Error bars, in some
cases too small to be visible, represent triplicate experiments. (d) Proposed mechanism for
the coupled methylation and decarboxylation sequence to convert Mal-CoA into the
pivaloyl-ACP starting unit of apratoxin A biosynthesis.
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bouillonii PNG5-198 FabD. Reaction was monitored using the Ppant ejection assay*2: 43.
Error bars represent triplicate experiments and, in some cases, are too small to be visible.
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MT1 active site entrance entrance

Figure®6.
Architecture of the AprA module. (a) AprA model based on crystal structures of MT1-

WGNAT and YGNAT-MT?2 fragments, colored by structural region (MT1 lid, purple; MT1
core, blue; WGNAT, green; MT2 dimer, orange). SAM and SAH are shown in spheres with
atomic coloring (gray C). In the MT1 active site, Mn2* is shown in light gray spheres and
malonate in sticks (pink C). The model was created by superposition of the YGNAT
domains of the two crystal structures (RMSD 1.0 for 107 Ca atoms). The 44 amino acids
linking MT2 and ACP are depicted in a dashed line. (b) Selected negative stain class
averages of AprA (AACP) showing the central MT2 dimer and Y GNAT-MT2 wings. Linear
and bent states of AprA are observed in these images. (c) 3D reconstruction of AprA in the
bent conformation (gray), representing ~30% of the particles (top down view). Docked
crystal structures of AprA MT1-WGNAT and AprA MT2 are colored as in (a). (d) side view
of 3D reconstruction with docked AprA domains.
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