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Abstract

Although a few well-characterized polyketide synthases (PKSs) have been functionally
reconstituted /n vitro from purified protein components, the use of this strategy to decode “orphan”
assembly line PKSs has not been described. To begin investigating a PKS found only in Nocardia
strains associated with clinical cases of nocardiosis, we reconstituted /n vitro its five terminal
catalytic modules. In the presence of octanoyl-CoA, malonyl-CoA, NADPH, and S-adenosyl
methionine, this pentamodular PKS system yielded unprecedented octaketide and heptaketide
products whose structures were partially elucidated using mass spectrometry and NMR
spectroscopy. The PKS has several notable features, including a “split, stuttering” module and a
terminal reductive release mechanism. Our findings pave the way for further analysis of this
unusual biosynthetic gene cluster whose natural product may enhance the infectivity of its
producer strains in human hosts.
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Virtually all known polyketide antibiotics were discovered through cultivation of poorly
characterized soil microorganisms. The explosive pace of sequencing “orphan” polyketide
synthase (PKS) gene clusters has motivated a fundamentally new approach to natural
product discovery by activating the biosynthetic capacity of these cryptic gene clusters in
native or heterologous hosts.22 An alternate strategy might involve bypassing altogether the
constraints of microbial cultivation and gene cluster regulation by reconstituting the
enzymatic machinery /n vitro, but this has not yet been attempted to our knowledge for a
reasonably complex orphan PKS.

Recently, we functionally reconstituted the hexamodular 6-deoxyerythronolide B synthase, a
prototypical assembly line PKS.3 Encouraged by its catalytic efficiency 7 vitro, as well as
other recent efforts to reconstitute natural product biosynthesis 7 vitro,*> we sought to
apply the approach to decode a particularly remarkable group of closely related orphan
synthases. Our target PKS family has only been observed in nine clinical strains of Nocardia
isolated from patients diagnosed with nocardiosis®’ (Table S1). Although the genomes of
numerous Nocardia spp. (including some pathogenic species) have been sequenced to date,8
our target PKS (hereafter referred to as “NOCAP” for nocardiosis-associated polyketide
synthase) represents a distinct clade in an evolutionary tree of ~1000 nonredundant assembly
line synthases.® Because these strains of Nocardia are potentially hazardous and lack well-
established microbiological or genetic protocols, analysis of the NOCAP synthase in its
natural hosts was impractical. The potential use of £. colias a heterologous host was
considered; however, several features of the NOCAP synthase (e.g., modules with frans-
acting AT domains, a split PKS module, a reductive chain-release mechanism) have not been
functionally reconstituted in £. colito our knowledge. We therefore chose to investigate this
PKS by directly reconstituting /in vitro its constituent modules, given the considerably
greater potential for troubleshooting an inactive complex system through direct biochemical
analysis.

The NOCAP synthase has several unusual architectural features, including a split module, 10
cis- as well as trans-acyltransferases (ATs),11-13 a terminal thioester reductase (TR),14 and a
thioesterase (TE) domain fused to the frans-AT (Figure 1). It is encoded by three genes,
nocap_PKSI-3, that are part of a larger gene cluster (Figures S1), including genes encoding
deoxysugar biosynthesis and transfer (Scheme S1) and a “Module X presumed to either
synthesize a primer unit for the multimodular assembly line or a separate oligoketide that is
ultimately incorporated into the final natural product viaa convergent biosynthetic
mechanism (Figure S2).
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RESULTS AND DISCUSSION

In Silico Analysis and Design

At the onset of our studies, nocap_ PKS1-2was assumed to encode a collinear, octamodular
assembly line (Figure 1). To initiate experimental analysis of this PKS, the sequences of
individual modules, starting from each KS domain and ending with the corresponding acyl
carrier protein (ACP) domain, were aligned with those of canonical PKS modules. Putative
catalytic domains were identified based on characteristic residues.1® This /n silico analysis
provided a basis for deconstructing large gene products into fragments that could be
expressed in £. coli (Table S2; Figure S3). Docking domains from the 6-deoxyerythronolide
B synthase were fused at the N- and C-termini of each KS and ACP domain, respectively,
because these peptides play a critical role in intermodular chain translocation,16 and because
the NOCAP synthase lacks interpolypeptide ACP-KS interfaces. Each protein was purified
from E. coli (Figure S4) prior to use /n vitro.

Extender Unit Analysis

Modules 1 and 3 of the NOCAP synthase harbor their own (putatively malonyl-specific) AT
domains, whereas others belong to a family of “AT-less” modules originally observed in the
leinamycin synthase.12 These AT-less modules are presumably transacylated by the trans-AT
protein encoded by nocap PKS3 (Figure 1). Using an a-ketoglutarate dehydrogenase-
coupled kinetic assay,1” the trans-AT was found to be specific for malonyl-CoA, with
comparable kinetics in the presence or absence of its downstream TE domain (Figure S5).
Therefore, malonate was used as the source of extender units in subsequent studies.

Primer Unit Analysis

Because the NOCAP synthase lacks a dedicated active site for chain initiation, we screened
modules 1-4 and module X individually for their ability to elongate a range of radiolabeled
acyl-CoA substrates (C,—C1g). Chain elongation was not observed for modules 1-3 or
module X, although KS1 and KS2 showed acylation by fatty acyl chains C8—-C16 (data not
shown). When module 4+KS5 was coincubated with the DH5-ACP5 didomain protein in the
presence of the frans-AT+TE,14 C-lauroyl-CoA, malonyl-CoA, and NADPH, the radiolabel
was transferred to DH5-ACP5 (Figure S6). This unexpected finding provided convenient
entry into the modules 4-8 segment of the NOCAP synthase. While this approach precludes
identification of the natural aglycone, functional analysis of the partial assembly line
provided considerable insight into the molecular logic of the NOCAP synthase.

In Vitro Reconstitution and LC-MS Product Analysis of NOCAP Synthase Modules 4-8

Full catalytic activity of modules 4-8 was reconstituted from four proteins (Figure 2A):
module 4+KS5, the DH-ACP-KR tridomain of module 5 along with module 6 (pJK35; Table
S2), modules 7 and 8 along with the terminal TR domain (pJK97; Table S2), and the trans-
AT+TE. The four proteins were incubated with a range of alternative primer units (C2-C16),
malonyl-CoA, NADPH, and S-adenosyl methionine (SAM). Malonyl-CoA was either added
directly or generated /n situ by adding malonate, ATP, and malonyl-CoA synthetase to the
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reaction mixture (Figure 2B).18 Control experiments were performed in which each
substrate and protein component was omitted.

Reaction products were analyzed by LC-MS. Using XCMS software,9 putative products
absent from control reactions were identified. First, their polyketide origins were confirmed
by replacing malonate in the reaction mixture with [2-13C]-, [1,3-13C,]-, or [*3C3]-malonate.
On the basis of the observed mass shifts in the presence of alternative isotopically labeled
substrates, the most abundant products were tentatively identified as heptaketides and
octaketides. From reaction mixtures that either included or omitted SAM, pairs of
heptaketides (1-2) and octaketides (3—4) differing by 14 a.m.u. were identified (Table 1;
Figures 3 and S7). In the absence of SAM, neither methylated compound was observed, the
desmethyl heptaketide being the dominant product (Figure S9). In contrast, in the presence
of SAM, the methylated octaketide 4 appeared as the dominant product (Figure 3). The UV
spectra of these compounds are shown in Figure S8. An observed triketide 5 (Table 1, Figure
3) was also in reactions containing only the module 7-8-TR and #rans-AT+TE proteins, so it
was predicted to be an a-pyrone from decarboxylative priming of module 7 (Figure $10).20
Replacing the frans-AT+TE didomain protein with its truncated #rans-AT derivative resulted
in 2-10x reduction in product formation (data not shown), suggesting a nonessential role for
the TE domain in natural product biosynthesis.2! Analogous products were observed in the
presence of other primer unit sources, albeit in reduced amounts (Figure S9 and Table S3).

Structure Elucidation by NMR

Further structural analysis was performed by NMR spectroscopy. Enzymatic reactions
performed on a 12 mL scale using octanoyl-CoA and alternative malonate isotopomers as
substrates were extracted with ethyl acetate, with polyketide yields on the order of 1-3
g/mL. A 2D NMR analysis of such small samples was possible only because of this
enriched 13C-labeling strategy. The desmethyl heptaketide (1), methyl heptaketide (2), and
methyl octaketide (4) were purified by preparative HPLC. Each compound showed
significant absorption at 362 nm (Figure S8), suggestive of a conjugated polyene skeleton.22
NMR spectra are shown in Figures S12-S38. The uniformly 13C-labeled sample of 1
enabled identification of eight carbon atoms (C-6 to C-12) by HSQC/HMQC.

HCCH-COSY analysis of the same sample established the connectivity of C-6 to C-11,
thereby revealing a conjugated olefin moiety (Figure 4; Table S4). 1H-IH COSY provided
further support for this polyene functionality, while also connecting the aliphatic octanoyl
tail (0.8-1.6 ppm) to a hydroxyl substituent at C-13 (4.45 ppm), a geminal H-13 (3.47 ppm),
and the C-12 methylene group (2.27 ppm). HMBC analysis of the uniformly 13C-labeled
sample showed low signal-to-noise due to shorter relaxation times (or pulse sequence
suppression due to one-bond H-13C couplings) but still established a correlation between
OH-13 and C-12 (40.9 ppm). Meanwhile, two-bond correlation H2BC,23 complementary to
HMBC, correlated H-13 to C-12. To compensate for the lack of observed HMBC/H2BC
correlations from the uniformly 13C-labeled sample, a sample of 1 labeled with [1,3-13C5]-
malonate, yielding 13C-labels at only odd-numbered positions (Figure 4), was also prepared.
The HMQC and 1-D 1H results for this sample were consistent for the C-6 to C-13 stretch.
New HMBC and H2BC correlations connected H-12 to C-11 and H-6 (6.14 ppm) to C-5
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(155.3 ppm), and further verified the polyene connectivity between C-6 and C-11. The
assignment of OH-13 was confirmed by observation of its signal attenuation in a 1-D 1H
experiment with presaturation applied on the residual water peak in the sample.

A cross-peak observed by HSQC and HMQC in the uniformly 13C-labeled sample of 1—
and missing in the sample labeled at odd-numbered carbons—was tentatively assigned as
between H-4 and C-4, although coupling was not observed from C-4 to C-5 or to the
polyene moiety. The lack of peaks associated with carbon atoms 1-4 presumably reflected
peak broadening due to enolization, proton exchange with water in the sample, and/or the
acidity of H-2. As such, the structure of the pyrone moiety in 1 was principally established
from mass spectrometric analysis (Figures S39-S40, S45, S46) as well as the logic of
polyketide biosynthesis inferred from the absence of KR domains in modules 6-8 of the
NOCAP synthase. We note, however, the resemblance between 1 and the pyrones generated
by the fungal lovastatin synthase in the absence of a requisite enoylreductase.?* Indeed, our
observed 13C and 1H chemical shifts for the pyrone moiety are consistent with those
reported in that study.

1H-1H COSY, HMQC, and HMBC analysis also revealed a conjugated triene in methyl
heptaketide 2. The methyl substituent was placed at C-4 based on correlations observed by
HMBC between H-21 (1.77 ppm) and C-5 (150.8 ppm) as well as a weaker correlation
between H-21 and C-3 (177.8 ppm; Figure 4, Table S4). Observation of a correlation
between H-6 (6.50 ppm) and C-5 (150.8) ruled out methylation at C-6, thus lending further
support to C-4 as the site of the methyl substituent. As in the case of 1, peaks corresponding
to C-1 to C-3 were not clearly observed.

In the presence of SAM, the methyl octaketide (4) was the most abundant product. A sample
of 4 with 13C labels at the odd-numbered positions was prepared. Again, an unsubstituted
triene moiety was detected, along with correlations observed by HMBC between the methyl
substituent (H-23 = 1.94 ppm) and C-7 (142.2 ppm) of the triene moiety (Figure 4, Table
S4). Thus, the polyene tail of 4 appeared identical to its counterparts in 1 and 2. However,
the C-7 chemical shift (142.2 ppm) was more upfield than the analogous C-5 (150-156 ppm)
of 1 and 2, suggesting the absence of bonded oxygen. Notably, a free aldehyde was
identified in 4 from the very downfield shifts (68H = 9.54, 6C = 191.6 ppm) in the HMQC
spectrum. This is consistent with the presence of a thioester reductase (TR) domain as the
chain release mechanism (Figure 1). Further evidence in support of the proposed structure of
4 was obtained by NMR analysis in chloroform (CDCls), which led to the observation of
sharper peaks and key new correlations, presumably due to a slower exchange rate.
Specifically, H-4 (6.30 ppm) was assigned and correlated to C-3 (158.2) as well as C-5
(155.5) viaHMBC, with additional correlations from the methyl H-23 (2.12 ppm) to C-5
and from a very downfield OH-3 (12.28 ppm) to C-3 (Figure 4, Table S4). Additionally, a
weaker HMBC correlation was seen from the aldehyde H-1 (9.92 ppm) to C-3 (158.2).

The polyketide structures proposed were also supported by MS/MS fragmentation analysis
of 1 (Figures S39, S40), 2 (Figures S41, S42), and 4 (Figures S43, S44). Notably, the
fragmentation pattern of methyl octaketide 4 was markedly different from that of
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heptaketides 1 or 2. Compound 4 showed strong UV absorption at 280 nm, not observed for
1 and 2 (Figure S8); this is consistent with a phenolic moiety.

Biosynthetic Insights

Conclusion

Notwithstanding the lack of clarity regarding the stereochemistry of 1-4, two intriguing
biosynthetic features of the NOCAP synthase can be inferred from the deduced structures of
its products. First, its ability to synthesize heptaketides and octaketides suggests that at least
one of its modules must be iteratively used in the overall catalytic cycle. Such systems are
known as “stuttering” modules.25-28 By mapping polyketide structures onto the assembly
line (Figure 1), it is evident that module 5 catalyzes three rounds of chain elongation,
ketoreduction, and dehydration before eventually translocating the intermediate onto module
6. If so, then it would be most interesting to establish whether the capacity of module 5 to
stutter is mechanistically related to its disconnected architecture. A split module is
occasionally found in trans-AT assembly line PKSs,2 but stuttering behavior for such split
modules had not been observed previously (Figure 5). Such a naturally occurring variant
could provide unique insights into the origins of vectorial biosynthesis on a PKS assembly
line.29

Second, chain length flexibility of the NOCAP synthase appears to result from the optional
activity of module 8, suggesting that the KS domain of module 8 can discriminate between a
y-methylated heptaketide and its desmethyl analog. In the absence of the methyl substituent,
spontaneous chain release from ACP7 is the favored outcome, whereas the methylated chain
undergoes facile chain translocation between modules 7 and 8. While a reductive release
domain is occasionally observed in iterative PKSs and in nonribosomal peptide synthases
(NRPSs),14:30 the only other example of reductive release in an assembly line PKS is in the
case of coelimycin biosynthesis,1# where an aldehyde is also released from the assembly line
before being processed further. Thus, the TR domain of the NOCAP synthase could be a
versatile addition to engineering efforts involving assembly line PKSs.

This report represents the first example of an attempt to decode an orphan assembly line
PKS through direct /n vitro reconstitution of its constituent modules. While this approach
has thus far been limited to biochemical analysis of biosynthetically characterized systems,
our findings reinforce its utility in the context of natural product discovery. For example, the
octaketide aglycone 4 resembles other resorcylaldehyde natural products of uncharacterized
function,31-34 suggesting an evolutionary role for this chemical “warhead.” Octaketide 4
also harbors multiple nucleophilic sites (3-, 5-, and 15-OH), two of which may be
glycosylated while the third may be acylated by the polyketide product of module X (Figure
S11). While further effort will be required to identify the natural product of the complete
gene cluster, the UV-vis features of 4 could aid in its isolation. More generally, as DNA
sequencing reveals an ever-increasing number of fascinating biosynthetic pathways from
biologically inaccessible life-forms, the power of /n vitro reconstitution is especially useful
for studying complex linear pathways where piecemeal characterization in heterologous
hosts is precluded due to the absence of suitable substrates /in vivo.
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METHODS

For detailed descriptions, see the Supporting Information.

Cloning, Protein Expression, and Purification

Genes were PCR amplified from Nocardia genomic DNA and cloned into pET vectors
(Novagen) using Gibson assembly or restriction enzymes and T4 ligase and £. coliDH5a.
Proteins were overexpressed in £. coli BL21(DE3) strains and purified by Ni-NTA affinity
chromatography followed by anion exchange chromatography.

In Vitro Assays and LC-MS

Purified proteins (3-12 M) were incubated with relevant cofactors. Reactions (25-50 z1.)
were extracted with ethyl acetate, with the organic phase dried and reconstituted in 88 /L of
methanol for analysis by LC-MS (Agilent 1260 HPLC with Agilent 6520 Accurate-Mass Q-
TOF ESI mass spectrometer).

2D-NMR

All NMR spectra were acquired on an 800 MHz Agilent VNMRS spectrometer (Stanford
Magnetic Resonance Laboratory). Samples were prepared in 250 s of deuterated solvent
(a5-DMSO or CDCl3) in a matched symmetrical Shigemi tube (5 mm) and acquired at

25 °C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
NOCAP synthase is comprised of eight PKS modules distributed across two large proteins.

A third didomain protein has a frans-acyltransferase (AT) and thioesterase (TE).
NOCAP_PKS1 has four modules and the ketosynthase (KS) of a fifth. NOCAP_PKS2
includes the dehydratase (DH), ketoreductase (KR), and acyl carrier protein (ACP) domains
of module 5 along with three more trans-AT modules. The KR domain of module 5 is
atypically located C-terminal to its ACP domain. Module 6 has a C-methyltransferase
(cMT). The putative (shaded) DH domains of modules 6 and 7 are likely vestigial, as
dehydratase active site residues were not observed. Chain release is by an NAD(P)H-
dependent thioester reductase (TR). The proposed biosynthetic scheme is based on observed
polyketide products of modules 4-8 (highlighted in color). Because the activity of modules
1-3 was not reconstituted in this study, the predicted structure of the tetraketide intermediate
(shown in gray) is tentative. The R-group indicates that the primer unit of module 1 is
unknown. All modules besides modules 1 and 3 require the #rans-AT to supply malonyl
extender units. The function of module X (NOCAP_PKS4) is also unknown.
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Figure 2.
(A) Reconstituted NOCAP synthase modules 4-8 and the trans-AT-TE proteins. Docking

domains from the 6-deoxyerythronolide B synthase (DEBS) were fused onto the C-terminus
of ACP6 and the N-termini of KS4 and KS7. PKS abbreviations are as in Figure 1. (B)
Stable isotope 13C-labeled malonyl-CoA was generated Jn situ enzymatically using MatB, S.
coelicolor malonyl-CoA synthetase.
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Figure 3.
LC-MS traces of octanoyl-CoA derived products of NOCAP synthase modules 4-8.

Extracted ion chromatograms of products 1-5 (Table 1) are shown, all from the same
reaction analyzed on a phenyl-hexyl reverse-phase HPLC column attached to an Agilent
6520 Q-TOF mass spectrometer.
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Figure 4.
Summary of NMR analysis of polyketides 1, 2, and 4. HMBC and H2BC (solid arrows) and

highlighted 1H-1H COSY (dashed arrows) correlations are shown for desmethyl heptaketide
1, methyl heptaketide 2, and methyl octaketide 4. 1H and 13C chemical shifts are listed in
Table S4. Carbon positions 1-12 (bold, red) could be 13C-labeled.
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Figure 5.

A. Split + Stuttering
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Page 14

(A) Split and stuttering NOCAP synthase module 5. Though there are other examples of (B)

5 is unique in being both split and stuttering.
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Table 1
Polyketide Products of Modules 4-8 of the NOCAP Synthase in the Presence of Octanoyl-CoA

calcd [M + H]* observedm/z  formula  compound
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1duosnuep Joyiny

333.2061 3332060  CyoHpsOs 1
347.2217 347.2219  CyHgOy 2
359.2217 350.2212  CypHgOy 3
373.2373 3732373 CypHgOy4 4
211.1330 2111330 CypH;04 5
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