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SUMMARY

The polyketide backbone of the polyether ionophore
antibiotic nanchangmycin (1) is assembled by a mod-
ular polyketide synthase in Streptomyces nanchan-
gensis NS3226. The ACP-bound polyketide is thought
to undergo a cascade of oxidative cyclizations to
generate the characteristic polyether. Deletion of the
glycosyl transferase gene nanG5 resulted in accumu-
lation of the corresponding nanchangmycin aglycone
(6). The discrete thioesterase NanE exhibited a nearly
17-fold preference for hydrolysis of 4, the N-acetyl-
cysteamine (SNAC) thioester of nanchangmycin,
over 7, the corresponding SNAC derivative of the
aglycone, consistent with NanE-catalyzed hydrolysis
of ACP-bound nanchangmycin being the final step in
the biosynthetic pathway. Site-directed mutagenesis
established that Ser96, His261, and Asp120, the
proposed components of the NanE catalytic triad,
were all essential for thioesterase activity, while
Trp97 was shown to influence the preference for
polyether over polyketide substrates.

INTRODUCTION

Polyether ionophores, produced primarily by Actinomycetes,
have found widespread application in veterinary medicine and
animal husbandry. For example, nanchangmycin (1) (also known
as dianemycin), produced by Streptomyces nanchangensis
NS3226, has been found to inhibit gram-positive bacteria, and
can be used as a growth promotant in poultry and to cure coc-
cidiosis in chickens (Sun et al., 2002; Figure 1). More recently,
several polyethers, including monensin (2), salinomycin (3),
nigericin, and nanchangmycin, have been shown to be active
against drug-resistant strains of malaria (Gumila et al., 1997;
Otoguro et al., 2001). A number of polyethers are also reported
to inhibit the replication of human immunodeficiency virus
(Nakamura et al., 1992).

Polyethers are branched, polyoxygenated polyketides, featur-
ing two or more cyclic ether and acetal rings that are known to be
derived from simple acetate, propionate, and butyrate building
blocks. Classical incorporation experiments with ['3C]-, ['80]-,
and [2H]-labeled precursors with intact microbial cultures have

established the origin of the carbon skeleton and oxygen atoms
of a variety of polyethers, and supported a general biosynthetic
pathway in which an initially assembled, linear, unsaturated
polyketide acid harboring double bonds all of E-geometry is
oxidized to a polyepoxide that, in turn, undergoes a cascade
cyclization to generate the characteristic polyether structure
(Cane et al., 1981, 1982, 1983; Cane and Hubbard, 1987; Sood
et al., 1984). A variety of late-stage modifications, including
one or more methylation, hydroxylation, and glycosylation
reactions, then yields the final polyether antibiotic.

Considerable insight into the detailed mechanism of polyether
biosynthesis has come from the recent identification and
sequencing of the individual biosynthetic gene clusters for the
polyether antibiotics nanchangmycin (1) (Sun et al., 2003), mon-
ensin (2) (Oliynyk et al., 2003), and nigericin/abierixin (Harvey
et al., 2007). The deduced genetic organization, which is similar
for all three gene clusters, indicates that the polyketide back-
bone of each polyether is assembled by a large, modular polyke-
tide synthase (PKS), highly analogous in sequence, organization,
and deduced biochemical function to the well-characterized
type | modular PKS proteins of macrolide polyketide biosynthe-
sis (Fischbach and Walsh, 2006). Thus, the nanchangmycin gene
cluster corresponding to nanA7-nanA10 encodes a type | PKS
harboring one loading module and 14 extension modules, corre-
sponding to the 14 condensation steps required to assemble the
linear pentadecaketide from a malonyl-CoA primer plus four
malonyl-CoA and 10 methylmalonyl-CoA chain extension units
(Sun et al., 2003; Figure 2). Similarly, the closely related monen-
sin PKS consists of a malonyl-CoA-specific loading module plus
one ethylmalonyl-CoA, four malonyl-CoA, and six methylma-
lonyl-CoA extension modules (Oliynyk et al., 2003). The predicted
product of each such PKS is expected to be a branched-chain,
all-trans-unsaturated fatty acid of the appropriate chain length
(Cane et al., 1983; Oliynyk et al., 2003; Sun et al., 2003).

The next stage in the biosynthesis of nanchangmycin is
thought to be the oxidative cyclization of the ACP-bound unsat-
urated polyketide, involving generation of the derived polyepox-
ide catalyzed by the nanO gene product, followed by enzyme-
catalyzed polyepoxide cyclization, most likely mediated by
Nanl, resulting in the formation of the parent polyether (Cane
et al., 1983; Sun et al., 2003; Figure 2). In the closely related
S. cinnamonensis, the NanO homolog MonCl has been shown
to catalyze the in vitro flavin-dependent epoxidation of model
substrates (Oliynyk et al., 2003), while deletion of the monBI or
monBIl genes, which together correspond to the fusion gene
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Figure 1. Polyether lonophores Nanchangmycin, 1, Monensin A, 2,
and Salinomycin, 3

nanl (Sun et al., 2003), has implicated the epoxide-hydrolase-like
gene products in the cascade of polyepoxide cyclizations that
generates the monensin polyether (Gallimore et al., 2006). Ele-
gant experiments with mutants of S. cinnamonensis from which
the monCl gene had been deleted have recently established that
the monensin PKS produces the predicted full-length, branched-
chain, polyoxygenated (E,E,E)-trienoic acid (Bhatt et al., 2005).
The homologous nigClI, nigBl, and nigBIl genes are thought
to play completely analogous roles in the biosynthesis of
nigericin/abierixin (Harvey et al., 2007).

The available evidence suggests that, in the formation of poly-
ether ionophores, both the elaboration of the parent polyketide
and the subsequent cascade of oxidative cyclizations take place
exclusively on ACP-bound intermediates (Harvey et al., 2006,
2007; Liu et al., 2006; Sun et al., 2003). In a typical macrolide
PKS, the initially formed polyketide product is directly released
from the PKS as the derived macrolactone by a dedicated,
cis-acting thioesterase (TE) domain that is fused to the C termi-
nus of the most downstream module, immediately adjacent to
the ACP domain (Khosla et al., 1999). By contrast, the nanchang-
mycin, monensin, and nigericin PKS clusters all lack such an in-
trinsic modular TE (Harvey et al., 2007; Oliynyk et al., 2003; Sun
et al., 2003). Instead, the biosynthetic gene cluster for each poly-
ether harbors a discrete type Il TE gene that is responsible for the
in trans hydrolytic release of the mature polyether from the cog-
nate ACP domain. We have recently established that NanE is
such a dedicated TE, and that it can hydrolyze 4, the N-acetyl-
cysteamine (SNAC) thioester of nanchangmycin, to nanchang-
mycin itself (Liu et al., 2006; Figure 3). Consistent with this result
was the finding that a nanE deletion mutant of S. nanchangensis
did not produce nanchangmycin or any other identifiable, related
polyketide products. The highly homologous MonClIl TE from
S. cinnamonensis has independently been shown to catalyze
the analogous hydrolysis of monensin-SNAC (5) to monensin
(2) (Harvey et al., 2006), while NigCll is proposed to play a similar
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role in nigericin biosynthesis, based on its 54% and 53%
sequence similarity to NanE and MonClI, respectively (Harvey
et al., 2007; Figure 4).

The final stages in the biosynthesis of nanchangmycin, mon-
ensin, and nigericin each involve a variety of late-stage chemical
modifications of the polyether, including SAM-dependent forma-
tion of methyl ethers, P450-dependent hydroxylations, and, in
the case of nanchangmycin, glycosylation of the C-19 hydroxyl
by 4-O-methyl-L-rhodinose (Figure 2). Although some or all of
these reactions may well take place prior to TE-catalyzed release
of the mature polyether from the ACP, the precise sequence of
biochemical events, including the relative timing of thioester
hydrolysis and other late-stage chemical modifications, have
not previously been established experimentally.

We report below the identification of the catalytic triad of the
nanchangmycin TE, NanE, as well as investigations of the molec-
ular basis for the substrate specificity of this TE. Deletion of the
glycosyl transferase gene nanG5 is also shown to abolish nan-
changmycin biosynthesis, resulting in accumulation of small
amounts of the corresponding nanchangmycin aglycone 6 that
lacks the deoxy sugar. Taken together, these findings shed
important light on the relative timing of late-stage modification
and hydrolytic release of the polyether, and indicate strongly
that NanE catalyzes the final step in the biosynthesis of
nanchangmycin.

RESULTS

Identification of the NanE Catalytic Triad

Although comparison of the three polyether TEs indicates that
they share a significant degree of mutual sequence similarity
(NanE:MonCll, 49% identity, 59% similarity over 292 amino
acids; NanE:NigCll, 47% identity, 60% similarity over 292 amino
acids; Figure 4), the members of this group appear to be evolu-
tionarily related only distantly to type | macrolide TEs, such as the
TE domains of the 6-deoxyerythronolide B synthase (DEBS) and
picromycin synthase (PICS) (Liu et al., 2006). The presumptive
active site nucleophile serine in all of these TEs is typically found
within the consensus sequence GXSXG, in spite of wide global
sequence variations. Thus, Ser96 of NanE is found within a con-
served GHSWG motif homologous to the active site GH2SAG of
DEBS TE (Tsai et al., 2001). Comparison of NanE with other rep-
resentative o/B-hydrolases by multiple sequence alignment,
however, did not suggest clear candidates for the remaining
His and Asp components of the active-site triad (Liu et al.,
2006). We therefore used the Modbase protein structure predic-
tion package (Pieper et al., 2006; http://modbase.compbio.ucsf.
edu/modbase-cgi/index.cgi) to generate homology models for
NanE, with two structurally characterized members of the
a/B-hydrolase superfamily, chloroperoxidase (PDB ID: 1A88;
20% sequence identity) and a-amino acid ester hydrolase
(PDB ID: 1NX9; 13.00% sequence identity) as model protein
templates. Although both predicted raw models for NanE sug-
gested that His261 and Asp120 should be the nearest His and
Asp residues to the putative active-site Ser96, the amino acid es-
ter hydrolase-based homology model suggested closer interre-
sidue distances for the presumptive components of the NanE
catalytic triad (His261-Ser96: 3.5 A; Asp120-His261: 4.2 A)
(see Figure S4 in the Supplemental Data available with this article
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Figure 2. Proposed Pathway of Nanchangmycin Biosynthesis in S. nanchangensis NS3226

The parent polyketide is first assembled from a malonyl-CoA primer plus four malonyl-CoA and 10 methylmalonyl-CoA extension units, mediated by the 14
modules of the modular PKS NanA1-NanA10. The initially generated unsaturated pentadecaketide acyl-ACP ester is then thought to undergo NanO-catalyzed
epoxidation, followed by a cascade of epoxide ring openings and acetalizations, catalyzed by Nanl to generate the pentacylic ether. Oxidation of the terminal
methyl group by the P450 NanP generates the ACP-bound nanchangmycin aglycone, which is glycosylated at the C-19 hydroxyl under the control of NanG5,

before final hydrolytic release by the NanE TE.

online). In this homology model, each of the three components of
the catalytic triad resides on a loop connecting a B strand to
a downstream «. helix. Interestingly, all three residues in the pre-
dicted catalytic triad of NanE correspond by sequence alignment
to the previously proposed active-site residues of MonCll,
Ser103, His265, and Asp127 that were predicted with an alterna-
tive o/B-hydrolase model, aclacinomycin methylesterase (PBD
ID: 1Q07; Harvey et al., 2006; Figure 4).

We tested the role of each of the predicted components of the
NanE TE catalytic triad by generating the corresponding S96A,
H261Q, and D120N mutants. Significantly, within the limits of
experimental detection, all three variants were catalytically inac-
tive. Thus, in contrast to wild-type NanE, none of these mutants
was able to hydrolyze nanchangmycin-SNAC (4), even after
extended incubation times with elevated concentrations of pro-
tein. These results establish that each of the three amino acids is
essential for TE activity, consistent with their proposed role in the
NanE catalytic triad.

Substrate Tolerance and Specificity of NanE

To investigate the relative timing of the NanE-catalyzed TE step
in the overall course of nanchangmycin biosynthesis, we probed
the substrate specificity of recombinant NanE toward the SNAC
thioesters of a variety of polyethers, as well as a selection of
typical polyketide TE substrates. We initially screened each
SNAC-thioester substrate by overnight incubation with NanE,
followed by analysis of the organic extract by MALDI-TOF. In
this manner, it was found that, besides nanchangmycin-SNAC
(4), NanE could also hydrolyze 7, the SNAC thioester of the nan-
changmycin aglycone 6, and monensin-SNAC (5), but did not
hydrolyze salinomycin-SNAC (8) (Figure 3). The requisite sample

of 6 was readily prepared by acid-catalyzed hydrolysis of nan-
changmycin (1) to remove the deoxy sugar. Alternatively, we
could isolate 6 directly from cultures of an S. nanchangensis
mutant from which the relevant glycosyl transferase gene,
nanG5, had been deleted, as described below (Figure 5). Among
the polyketide substrates tested, NanE hydrolyzed the diketide
(2S,3R)-2-methyl-3-hydroxypentanoyl-SNAC (9), as previously
reported (Liu et al., 2006), as well as the corresponding
2-methyl-3-ketopentanoyl-SNAC (10). We have previously dem-
onstrated that the branched-chain, polyoxygenated acyclic
hexaketide seco-lactone-SNAC 11 can be efficiently lactonized
by the type | TEs of both the picromycin and erythromycin syn-
thases, PICS TE (Aldrich et al., 2005; He et al., 2006) and
DEBS TE (He et al., 2006), while the corresponding seco-7-dihy-
drolactone-SNAC 12 is hydrolyzed by each of these two TEs. By
contrast, neither 11 nor 12 underwent either lactonization or
hydrolysis when incubated with the nanchangmycin TE, NanE,
suggesting that NanE has a marked preference for polyether
substrates.

We next determined the steady-state kinetic parameters for
each of the active substrates. Nanchangmycin—-SNAC (4) was
the preferred substrate for the NanE TE, with a ke./Ki, 17-fold
that of the nanchangmycin aglycone-SNAC (7) and 36-fold that
of monensin-SNAC (5) (Table 1). The observed differences in
kcat/Km primarily reflect 9-fold and 11-fold increases in the K,
values for 7 (220 uM) and 5 (270 uM), respectively, compared
to the K, of 24 uM for nanchangmycin-SNAC (4), with only mod-
est 2- and 3-fold reductions in kg, Interestingly, although the
two simple diketide substrates 9 and 10 exhibited k., values
that were actually 60- and 1450-fold greater than that of
nanchangmycin-SNAC, the higher turnover numbers were
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offset by 2000- to 3000-fold increases in K,. This resulted in
net kqa/Kim, specificity constants that were actually only 3% and
55%, respectively, that of nanchangmycin-SNAC (4), the analog
of the presumed natural ACP-bound polyether substrate.
Comparison of the GHSWG consensus sequence flanking the
active-site serine residues of the polyether TEs NanE, MonClI,
and NigCll with the conserved GHSAG motif of modular polyke-
tide TEs typified by DEBS TE and PICS TE (Liu et al., 2006)
reveals an intriguing difference, with the modular type | TEs car-
rying an Ala residue downstream of the active-site Ser compared
with a Trp at the same position in all three type Il polyether TEs.
To explore the possible influence of this active-site Trp on the
substrate specificity of NanE, we generated the corresponding
W97A mutant. Interestingly, the NanE W97A mutant lost the abil-
ity to hydrolyze the native substrate nanchangmycin-SNAC (4),
but it was in fact 12-times more active toward diketide-SNAC
9 than wild-type NanE, an activity level comparable to that of
DEBS TE toward the same substrate. The W97A NanE mutant
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Figure 3. Hydrolysis of Polyether and
Polyketide-SNAC Substrates by the NanE TE
N.R. indicates no reaction.

NanE
—_— 1
also retained TE activity for the ketodike-
tide-SNAC 10, although the activity was
somewhat reduced compared with
wild-type NanE.
NanE .
— = 6X=OH Generation of the nanG5 Glycosyl

Transferase Mutant and Isolation
of Nanchangmycin Aglycone
The nanchangmycin biosynthetic gene
cluster harbors three putative glycosyl
transferase genes, nanG5, nanG6, and
nanG7 (Sun et al., 2003). Simultaneous
deletion of both nanG6 and nanG7
did not suppress nanchangmycin pro-
duction (data not shown). We therefore
turned our attention to nanG5. Sequence
analysis indicated that nanG5 carries its
own promoter and is transcribed in the
direction opposite to that of both of
its flanking genes, nanA6 and nanM
(Figure 5). RT-PCR also established that
nanG5 is constitutively expressed (see
the Supplemental Data). To delete the
chromosomal copy of nanG5 from wild-
type S. nanchangensis NS3226, we
used PCR-targeted mutagenesis (Kieser
et al., 2000; Sun et al., 2002; Figure 5).
After two rounds of homologous recom-
bination and selection, two identical
thiostreptone-sensitive (ThioS), apramy-
cin-resistant (Apra®) nanG5 deletion
mutants were isolated: S. nanchangensis
LTAnanG5-4 and LTAnanG5-19.
Surface cultures of each deletion mu-
tant failed to produce nanchangmycin,
as determined by both HPLC and MALDI-TOF MS analysis of
the organic extracts. Both deletion mutants were observed,
however, to produce a novel metabolite, which was isolated
and purified from the extracts of S. nanchangensis LTAnanG5-4
and found to have m/z (M+Na*) 761.5, corresponding to the
expected mass of nanchangmycin aglycone (6) (Figure 5C).
The yield of 6 per liter of S. nanchangensis LTAnanG5-4 was
~1% that of nanchangmycin generated by the wild-type
NS3226 strain. Preparative-scale incubations followed by
extraction, silica gel chromatography, and preparative HPLC
purification yielded ~2 mg of 6 from 8 | of solid culture. The struc-
ture of 6 was fully confirmed by detailed 1D and 2D 'H, *C NMR
analysis (see the Supplemental Data), and high-resolution MS,
as well as by direct comparison with a synthetic sample obtained
by hydrolysis of the parent nanchangmycin. Both the 'H and '3C
spectra of the aglycone 6 closely resembled the correspond-
ing spectra of the polyether backbone of nanchangmycin
(1), except for changes associated with the removal of the

NanE NR.
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Figure 4. Sequence Comparison of the Type Il TEs Encoded by the Nanchangmycin, Monensin, and Nigericin Biosynthetic Gene Clusters
The asterisk indicates the Ser/His/Asp catalytic triad, the solid line designates the conserved GXSXG motif surrounding the active site Ser, and the black dot
marks the conserved Trp residue in this motif that corresponds to an Ala in the type | TEs of polyketide biosynthesis. MonCll = monensin; NanE = nanchangmycin;

NigClI = nigericin.

4-0O-methyl-L-rhodinose. Aside from the complete absence of
resonances corresponding to the deoxy sugar, the '*C NMR
signal for C-19 of 6 appeared at 71.7 ppm, an upfield shift of
—7.7 ppm relative to nanchangmycin, consistent with the re-
moval of the deoxy sugar. At the same time, the signals for the
adjacent C-18 methylene and C-20 methine carbons in 6 ex-
hibited +3.1 ppm and +5.8 ppm downfield shifts, respectively,
relative to the corresponding '*C NMR signals in 1. Similarly,
the "H NMR signal at & 3.73 for the H-19 proton of 6 showed
COSY cross-peaks to adjacent H-18 and H-20 protons at
d 1.56 and d 1.91, respectively, as well as to the C-19 hydroxyl
proton at § 4.21.

DISCUSSION

The primary sequence of the nanchangmycin TE NanE is closely
related to that of the monensin (MonCll) and nigericin (NigCll)
TEs, with which it shares a common biochemical function (Fig-
ure 4). In spite of only very limited overall sequence similarity be-
tween each of these three type Il TEs and more distantly related
modular PKS TE domains, such as DEBS and PICS TE (Liu et al.,
2006), the structures of the three polyether TEs can all be fit to
a protein homology model corresponding to the o/B-hydrolase
superfamily. Interestingly this same superfamily is also distantly
related to both DEBS and PICS TE, for which the actual struc-
tures are already known (Tsai et al., 2001, 2002), in spite of
considerable differences in the predicted three-dimensional
structures of the type Il polyether TEs (Liu et al., 2006). We
have used site-directed mutagenesis to identify the catalytic
triad of NanE, Ser96, His261, and Asp120, each of which is
shown to be essential to TE activity. These three NanE residues

also align with the independently predicted catalytic triad of
MonCll, Ser103, His265, and Asp127 (Harvey et al., 2006).

In the biosynthesis of macrolide and related polyketides, the
full-length polyketide chain is released, usually as the macrolac-
tone aglycone, from the modular PKS by the action of a dedi-
cated, cis-acting TE domain located at the C terminus of the fur-
thest downstream module, immediately adjacent to the ACP
domain to which the mature polyketide chain is tethered. Type
| TEs, which catalyze the lactonization and release of their poly-
ketide substrates from the modular PKS, must bind and fold their
ACP-bound substrates so as to position the nucleophilic distal
hydroxyl group within bonding distance of the acylthioester
moiety (Akey et al., 2006). Most, if not all, subsequent modifica-
tions, including P450-catalyzed hydroxylation and the addition of
various deoxy sugars, then take place on protein-free, macrolide
polyketide intermediates. By contrast, in the biosynthesis of poly-
ethers, some or all of the modifications of the parent unsaturated
polyketide, including the cascade of oxidative cyclizations that
generates the characteristic polyether as well as subsequent,
late-stage modifications, are thought to take place while the
polyether precursors and intermediates are still tethered to an
ACP. Unlike the type | TE domains of typical modular PKSs,
the type Il NanE TE, as well as the closely related MonCIl and
NigCll TEs (Harvey et al., 2006, 2007), are each discrete proteins
that catalyze the hydrolytic release, rather than the lactonization,
of their cognate substrates. Although the precise structures of
these natural substrates, as well as the identity of the specific
ACP domains to which those substrates are covalently tethered,
have been obscure, strong circumstantial evidence has sug-
gested that the epoxidation-cyclization cascades that generate
nanchangmycin and monensin precede hydrolytic release of
the free polyether. Prior to this work, the order of late-stage
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Figure 5. Deletion of the nanG5 Glycosyl Transferase Gene of S. nanchangensis NS3226 Abolishes Nanchangmycin Production and Leads to
Accumulation of the Nanchangmycin Aglycone, 6, in the Deletion Mutant S. nanchangensis LTAnanG5
(A) Replacement of nanG5 by the apramycin resistance gene cassette aac(3)/V by PCR-directed mutagenesis and homologous recombination to generate

S. nanchangensis LTAnanG5.

(B) The genomic DNA in the LTAnanG5-19 mutant was checked by PCR amplification with primers NanG5-check-1 and NanG5-check-2. In the wild-type, the
PCR product is 1,588 bp, while in the mutant the PCR product it is 1,671 bp. Digestion of each fragment with Sacl (S) and Pvull (P) gave fragments of different

sizes.

(C) LC-ESI-MS of nanchangmycin aglycone (6), retention time of 2.89 min isolated from S. nanchangensis LTAnanG5-4.

glycosylations, P450-catalyzed hydroxylations, and SAM-de-
pendent formation of methyl ethers had not yet been estab-
lished, nor had the timing of TE-catalyzed hydrolysis relative to
these transformations been previously determined. Production
of nanchangmycin aglycone 6, lacking only the deoxy sugar
4-O-methyl-L-rhodinose, by the S. nanchangensis LTAnanG5-4
mutant strongly suggests that glycosylation is the penultimate
chemical step preceding TE-catalyzed release of the finished
nanchangmycin. The release of the free aglycone by the nanG5
mutant presumably results from the adventitious action of the
NanE TE, with the empirically reduced yield of 6 possibly reflect-
ing the fact that the ACP-bound aglycone thioester is a consider-
ably poorer substrate for NanE. Although these observations

alone cannot rule out the possibility of aberrant C-30 hydroxyl-
ation, the complete absence of the corresponding 30-deoxy-
aglycone in the organic extract of S. nanchangensis LTAnanG5-4
or LTAnanG5-19 suggests that C-30 hydroxylation most
likely precedes both C-19 glycosylation and NanE-catalyzed
TE hydrolysis (Figure 2).

NanE, while broadly tolerant of a variety of substrates, is seen
to strongly prefer the natural polyether substrate nanchang-
mycin-SNAC 4 over both simple diketide substrates, such
as diketide 9, and more complex, branched-chain polyketide
substrates, such as 11, the seco-acid-SNAC thioester substrate
of PICS TE (He et al., 2006; Table 1). These preferences largely
reflect substantial 1000- to 2000-fold differences in relative K,
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Table 1. Steady-State Kinetic Parameters for Hydrolysis of Polyether- and Polyketide-SNAC Esters by Wild-Type and Mutant TEs

Enzyme Substrate Keat (Min~") Kmn (MM) Keat/Km (M~ s77) Koat/Km (rel)
NanE 4 0.0036 + 0.0001 0.024 + 0.002 25+0.2 100
7 0.0020 + 0.0002 0.220 + 0.035 0.15 + 0.03 6
5 0.00115 + 0.00003 0.270 + 0.010 0.070 + 0.004 3
9 0.210 + 0.006 44 + 3 0.080 =+ 0.008 3
10 52+ 1.0 64 + 12 1.35+0.4 54
NanE W97A 9 0.101 + 0.001 1.7 + 0.1 0.99 + 0.07 40
10 0.66 + 0.01 311 0.35 + 0.01 14
DEBS TE? 9 0.68 +0.16 9.6 4.5 1.2+ 0.6 48
10 n.d. n.d. 8.8+0.9 350

n.d. = not determined.
2Data from Tsai et al., 2002.

between the two classes of substrates. These observations lend
strong support to a biosynthetic model in which formation of
the ACP-bound polyether precedes NanE-catalyzed product
release. Furthermore, the finding that NanE has a 17-fold prefer-
ence, as measured by relative kca./Kn, for nanchangmycin-
SNAC (4) over the corresponding nanchangmycin aglycone-
SNAC (7) is consistent with a biosynthetic pathway in which
glycosylation with 4-O-methyl-L-rhodinose precedes release of
the mature nanchangmycin from the ACP, leading to the conclu-
sion that NanE-catalyzed hydrolysis is the final step in nanchang-
mycin biosynthesis. The fact that monensin-SNAC (5) is a
poor substrate for NanE (kea/Kr, 36-fold lower than 4), yet still
has a 270 uM K,,, 100-fold tighter that of the simple diketide
substrates, underscores the selectivity of NanE for both its
cognate polyether backbone and the glycosylation state of its
substrate.

Interestingly, in spite of the precision of the experimentally
determined steady-state kinetic parameters for all three poly-
ether-SNAC derivatives, the apparent kga 0f 3.6 1 X 103 min~"
for 4 appears to be well below the expected in vivo rate for the
ACP-bound substrate. For example, the observed turnover
rate of 0.2 hr~" for the —SNAC ester would require more than
30-40 mg of NanE protein (MW, 31,855 Da) per liter of
S. nanchangensis NS3226 culture in order to account for the ob-
served production of ~0.2 pmol/hr of nanchangmycin per liter of
solid culture (25 mg over 5-7 d). By comparison, the ke, values
of 1-10 min~" for typical PKS modules and TE domains are
1000 times faster than that determined for NanE acting on the
nanchangmycin-SNAC substrate. Although, for many PKSs
and fatty acid synthases, use of the SNAC analog as a surrogate
for the ACP has only minor effect on the observed ka4, resulting
primarily in increases in the apparent K, there is at least one
known example of depression of the apparent k., as well.
Thus the k4t for processing diketide-SNAC 9 by DEBS module
5is only 2% that for the corresponding diketide-ACP4 conjugate
(Tsuji et al., 2001). We therefore speculate that NanE may also
have a strong preference for the specific ACP to which the
mature nanchangmycin polyether is naturally tethered. Unlike
the type | TE domains of modular PKSs, NanE is a discrete
protein and, therefore, must somehow be selective for its spe-
cific polyether-ACP conjugate substrate. There is some evi-
dence that discrete type Il acyl carrier proteins, MonACPX and
NigACPX, may act as the carriers of the full-length polyketide

acyl chain during the oxidative cyclization and additional late-
stage modifications in the monensin and nigericin biosynthetic
pathways, respectively (Harvey et al., 2007; Oliynyk et al.,
2003). The identity of the corresponding ACP that might serve
as the physiological carrier for the full-length polyketide and de-
rived nanchangmycin polyether intermediates is not yet known,
although the ACP domain of nanchangmycin synthase module
14 or the discrete ACP13 encoded by the nanA70 gene are
plausible candidates.

Importantly, in the study by Tsuji et al. (2001), the use of the
ACP derivatives had little effect on the relative values of the mea-
sured kq,i/Kn, for the four diastereomers of the diketide thioester.
Whether or not the nanchangmycin ACP influences the absolute
values of the steady-state kinetic parameters for the various
NanE substrates that were examined, it is unlikely that the rela-
tive values of the kK specificity constants for these sub-
strates are significantly perturbed. Comparison of the relative
values therefore provides useful insights into the intrinsic sub-
strate specificity of this TE. Indeed, NanE shows a strong prefer-
ence for polyether over branched-chain polyketide thioesters.
Interestingly, the NanE W97A mutant, in which the polyether
TE consensus sequence GHSWG harboring the active-site Ser
had been replaced by the GHSAG consensus sequence of the
DEBS and PICS TEs, showed a 12-fold increase in kea/Kp, for
hydrolysis of diketide 9, nearly equal to the efficiency of process-
ing by DEBS TE (Lu et al., 2002), while losing all hydrolytic activity
toward the natural polyether substrate 4.

Of the four polyether-SNAC thioesters that we examined,
nanchangmycin-SNAC (4) was by far the best substrate, with
a 17-fold preference over the next-best candidate, nanchang-
mycin aglycone-SNAC (6). Taken together with the complete
abolition of nanchangmycin production by the glycosyl transfer-
ase deletion mutants, S. nanchangensis LTAnanG5-4 and
LTAnanG5-19, as well as the concomitant 100-fold reduction
in the yield of polyether aglycone in this mutant, there is strong
evidence that the final step in nanchangmycin biosynthesis is re-
lease of the mature polyether by NanE-catalyzed hydrolysis of
the nanchangmycin-SACP thioester.

SIGNIFICANCE

The polyketide backbones of both macrolide and polyether
antibiotics are each assembled by closely related, large,
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multifunctional, modular polyketide synthases. The initially
generated polyketides in both cases also typically undergo
a variety of similar late-stage modifications, including oxi-
dation, methylation, and glycosylation reactions. In spite of
these overall similarities, there are a number of important
biochemical differences between the biosynthetic path-
ways. While the parent macrolide polyketide is typically
released from the ACP domain of the furthest downstream
module, and lactonized by an integrated, type | TE domain
located at the C terminus of this last module, prior to all
further modifications, all the late-stage modifications of
polyether biosynthesis, including the characteristic epoxi-
dation-cyclization cascade, appear to take place while
the full-length polyketide is still tethered to an ACP do-
main. A combination of both biochemical and molecular
genetic experiments strongly indicates that the penulti-
mate step in the biosynthesis of the polyether nanchang-
mycin is the attachment of the deoxy sugar 4-O-methyl-
L-rhodinose to the C-19 hydroxyl group of the ACP-bound
polyether aglycone, catalyzed by the glycosylase NanG5.
The type Il thioesterase NanE catalyzes the final step in
the biosynthetic pathway, the hydrolytic release of the fully
modified polyether from an as-yet unidentified ACP domain.

EXPERIMENTAL PROCEDURES

Materials and Methods

Reagents for kinetic assays and chemical synthesis were purchased from
Sigma-Aldrich Chemical Co., and were of the highest grade available.
(2S,3R)-2-Methyl-3-hydroxypentanoyl-SNAC (9) and 2-methyl-3-ketopenta-
noyl-SNAC (10) were prepared as previously described (Lu et al., 2002). The
seco-10-deoxymethynolide-SNAC (11) and seco-7-dihydro-10-deoxymethy-
nolide-SNAC (12) were a kind gift from Weiguo He (He et al., 2006). Culture me-
dium components were obtained from Difco. Restriction enzymes and T4 DNA
ligase were purchased from Promega. Oligonucleotide primers were obtained
from Integrated DNA Technologies. DNA sequencing of PCR products and
plasmids was performed by the U.C. Davis Sequencing Facility (Davis, CA).
MALDI-TOF analysis was carried out on an Applied Biosystems Voyager-DE
Pro spectrometer.

Bacterial Strains, Vectors

Wild-type S. nanchangensis NS3226 was used for production of nanchangmy-
cin as well as generation of mutant strains by targeted gene replacement.
Escherichia coli XL1-blue was the host for cloning DNA fragments. E. coli
ET12567, carrying RP4 derivative pUZ8002 (recF dam dem Cmi® St Tet®
KmR) (Gust et al., 2003; Kieser et al., 2000), was used as donor for intergeneric
conjugation. E. coli BW25113, carrying plJ790, was used for recombination
during PCR-targeted gene replacement. The plasmid pHZ1358 (Gust et al.,
2003; Kieser et al., 2000) was used for conjugative transfer and screening
for double crossovers.

Site-Directed Mutagenesis of NanE

Plasmid pJTU1373 (Liu et al., 2006), in which the nanE gene had been sub-
cloned into Ndel- and Hindlll-digested pET28a (Novagen), was used as the
template for site-directed mutagenesis. Mutants were prepared with the Quik-
Change Site-Directed Mutagenesis Kit (Stratagene). The individual primer
pairs are listed in the Supplemental Data. The resultant plasmids were isolated
with a QIAGEN kit, and were sequenced to confirm the sequence of the mutant
gene.

Expression and Purification of Wild-Type and Mutant NanE

Plasmids harboring nanE mutants were transformed into E. coli BL21
(DE3)/pLysS. All the encoded proteins had an N-terminal Hisg tag. Expression
procedures were the same for wild-type NanE and for each mutant. Each
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E. coli BL21(DE3)/pLysS colony was grown overnight at 37°C in 5 ml of LB
culture, which was then used to inoculate fresh LB medium (500 ml) in a 2 | flask
supplemented with 30 pg/ml kanamycin and 25 pg/ml chloramphenicol
to maintain the plasmids. The protein was induced at an ODggg of 0.8 with
0.6 mM IPTG, and incubation was continued for 12 hr at 24°C (room temper-
ature).

All protein purification procedures were performed at 4°C. The cells from 2|
of culture were harvested by centrifugation at 4000 x g (15 min) and sus-
pended in 30 ml of buffer A for FPLC (50 mM Tris-HCI, 150 mM NaCl [pH
7.5]). The cells were disrupted by passage twice through a French press at
600 psi, with removal of the cell debris by centrifugation at 17,200 x g (2 X
30 min). The wild-type protein and W97A mutant were purified by Ni-NTA col-
umn, anion exchange, and gel filtration FPLC. The S96A, D120N, and H261Q
mutants were purified on a 5 ml HisTrap HP Ni-NTA column by FPLC. The col-
umn was washed with 30 ml (6 column volumes) buffer A, and then the protein
supernatant from the crude cell lysate was loaded onto the column by autoin-
jection at a flow rate of 1.5 ml/min. The column was then washed with 20 ml of
buffer A (4 column volumes) followed by a 0%—-100% linear gradient of buffer B
(50 mM Tris-HCI, 150 mM NaCl, 250 mM imidazole [pH 7.5]) over 100 ml (20
column volumes), and then a 20 ml 100% buffer B wash (4 column volumes).
The wild-type NanE and each of the N-terminal His-tag mutants eluted at
45%-60% of buffer B. The purity of protein (~70%) was checked by SDS-
PAGE. The protein was concentrated with a Centricon-10 concentrator (Ami-
con) to 2.5 ml and exchanged into Buffer C (20 mM Tris-HCI, 10 mM NaCl [pH
8.0]) with a PD-10 column (Pharmacia).

The protein was diluted to 3.5 ml, and this sample was directly autoinjected
onto the FPLC and purified by anion exchange on HiTrap 16/10 Q/FF. The col-
umn was washed with 20 ml buffer C (1 column volume), and eluted with a lin-
ear gradient of buffer D (20 mM Tris-HCI, 1 M NaCl [pH 8.0]): 0%-30% buffer D
for 20 ml (1 column volume); 30%-50% buffer D for 40 ml (2 column volume);
50%-100% buffer D for 20 ml (1 column volume); and 100% buffer D for 20 ml
(1 column volume). The wild-type NanE and W97A mutant eluted from 35% to
40% of buffer D. The purity of protein was ~85%, based on SDS-PAGE. The
target protein was concentrated to 2 ml and further purified by gel filtration
FPLC on a Superdex 200. The column was equilibrated by washing with
240 ml (2 column volumes) of buffer E (50 mM phosphate buffer [pH 8.0]) be-
fore injection. The wild-type protein and mutant both behaved as dimers, each
eluting at ~80 ml. The final purity of the wild-type NanE and its mutant was
~95%, as determined by SDS-PAGE.

Knockout of Glycotransferase nanG5 by PCR Targeting

PCR-targeted mutagenesis was used to replace the chromosomal sequence
for nanG5, carried in an S. nanchangensis cosmid, by a selectable apramycin
marker generated by PCR, with primers with 39-nt homology extensions (Gust
et al., 2003). A 6866 bp Bglll fragment from S. nanchangensis cosmid 11A8
containing nanG5 and nanM flanked by partials of nanA6 and nanG4 was first
cloned into the BamHI site of the Streptomyces-E. coli shuttle cosmid vector,
pHZ1358, carrying oriT, furnishing plasmid pJTU1403. The inclusion of oriT
(RK2) in the disruption cassette allowed selection of the mutant following intro-
duction of the PCR-targeted cosmid DNA into the Streptomyces host by con-
jugation. After PCR amplification with primers NanG5-1 and NanG5-2, the
resulting PCR amplicon was used to replace 1287 bp of nanG5 by double
homologous recombination in E. coli BW25113/plJ790 so as to furnish plasmid
pJTU1404. pJTU1404 was introduced into S. nanchangensis strain NS3226 by
conjugation from the nonmethylating E. coli donor strain ET12567::pUZ8002.
Thio® and Apra® colonies were counter selected from the initial Thio™ exconju-
gants after one round of nonselective growth. Two Thio®Apra® exconjugants,
deletion mutants S. nanchangensis LTAnanG5-4 and LTAnanG5-19, were
confirmed to be identical by PCR amplification with the primers NanG5-
check-1 and NanG5-check-2, followed by further sequencing to confirm the
desired deletion.

Isolation of Nanchangmycin Aglycone, 6,

from the nanG5 Deletion Mutant

Nanchangmycin aglycone (6) was prepared by extraction of 8 | of 7-day-old
solid SFM (20 g soy flour, 20 g D-mannitol, 16 g agar in tap water to 1 1) cultures
of S. nanchangensis LTAnanG5-4 with 4 | of methanol for 8 hr, followed by cen-
trifugation at 17,200 x g for 10 min. After drying of the supernatant over
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Na,SO,4 and evaporation of the solvent, the residual yellow oil was dissolved in
4 ml of chloroform. The crude sample was purified by flash column chromatog-
raphy on silica gel (particle size, 0.040-0.063 mm) with a linear gradient of
chloroform:methanol. The nanchangmycin aglycone (6) eluted at 6%-8%
methanol. The concentrated sample was dissolved in acetonitrile and further
purified by preparative RP-HPLC (100 x 30 mm Phenomenex C18 Axia pre-
parative column with a linear gradient program of acetonitrile/H,0:80% aceto-
nitrile over 2 min, 80%-85% over 3 min, 85%-90% over 3 min, 90%-95% over
2 min, 95%-100% over 5 min, and constant 100% acetonitrile over 15 min at
a flow rate of 15 ml/min. The elution of nanchangmycin aglycone (retention
time = 12 min) was monitored at 234 nm. HR-FABMS: m/z 761.4480 (calcu-
lated for C4oHesO12Na 761.4452.)

Semisynthesis of Nanchangmycin Aglycone, 6

Nanchangmycin (1, 15 mg) was dissolved in 500 pl of acetonitrile, 400 pl of
acetic acid, and 100 pl of water, and the solution was incubated at 50°C for
1.5 hr (Williams and Kissel, 1998). After adjustment of the pH to ~5 with satu-
rated NaHCOg, the acetonitrile was removed under reduced pressure, and the
organic product was extracted into 3 x 10 ml of EtOAc. After back extraction
with saturated aqueous NaCl, the EtOAc was evaporated and the residue
dissolved in 3 x 300 pl acetonitrile, filtered through a 2 um filter, and purified
by preparative RP-HPLC, as described above, to yield 6 mg of purified
nanachangmycin aglycone (6). See Table S1 for 'H and '*C NMR data on 6
and 1.

Polyether-SNAC Esters

Each polyether (0.03 mmol), diphenylphosphoryl azide (0.06 mmol), and EtsN
(0.12 mmol) were added to 2 ml of CH,Cl, under N, and stirred at 4°C for 2 hr.
N-acetylcysteamine (0.12 mmol) was added and the reaction continued for an-
other 24 hr. The reaction mixture was partitioned between 0.1 N aqueous HCI
(5 ml) and EtOAc (5 ml), and the aqueous layer was further extracted with
EtOAc (25 ml). The organic extracts were washed with saturated NaCl (5 ml),
dried (Na,S0O,4), and concentrated under reduced pressure to give the poly-
ether-SNAC (50%-60% yield). The colorless oil was directly separated on a sil-
ica gel column. CuSOy-silica (2 cm) was added to the top of the column to
remove the HSNAC. The polyether and derived polyether-SNAC were further
purified by preparative RP-HPLC. The formation of each polyether-SNAC de-
rivative was confirmed by MALDI-TOF and MS/MS: m/z nanchangmycin (1)
(M+Na*) 889, nanchangmycin-SNAC (4) (M+Na*) 990; m/z nanchangmycin
aglycone (6) (M+Na*) 761, nanchangmycin aglycone-SNAC (7) (M+Na*) 862;
m/z monensin (2) (M+Na*) 693, monensin-SNAC (5) (M+Na*) 794; m/z salino-
mycin (3) (M+Na*) 773, salinomycin-SNAC (8) (M+Na*) 874.

TE Activity Assay

For preliminary screening of wild-type and mutant NanE, 10 uM NanE or mu-
tant and 30 uM SNAC-thioester substrate were added to 500 ul of 50 mM
phosphate buffer containing 5% methanol, and the mixture was incubated
overnight at 30°C. The incubation mixture was extracted twice with ethyl ace-
tate (1 ml) and the concentrated extract was redissolved in 50 pl of methanol.
The crude extract was then analyzed directly by MALDI-TOF MS to assay for
hydrolysis of the SNAC thioester. A control incubation lacking protein was car-
ried out for each substrate. The matrix consisted of a-cyano-4-hydroxy-
cinnamic acid in 1:1 (v/v) CH3CN and water with 0.1% TFA (1:1). Matrix (3 pl)
and sample (3 pl) were mixed, and 1 pl of the mixture was applied to the
MALDI-TOF target plate. The standard angiotensin_linear method (Biospec-
trometry workstation) was used for direct mass analysis and the angio-
tensin_psd method was used for MS/MS analysis.

Steady-State Kinetics

Diketide-SNAC Hydrolysis

Hydrolysis of diketide-SNAC thioesters 9 and 10 was assayed by reaction of
released HSNAC with 5,5’-dithio-2-nitrobenzoic acid (DTNB) and monitoring
the formation of 5-thio-2-nitrobenzoate (Amax = 412 nm; e = 13,600 M~ cm™").
DMSO was used to solubilize each diketide-SNAC substrate with 500 mM
stock DMSO solutions of each of the SNAC thioesters. The reactions (30°C)
were monitored at 1 min intervals at 412 nm with a TECAN 96-well plate reader
at 412 nm. For incubation of diketide-SNAC 9 and 10 with wild-type NanE, the
assay mixture consisted of 50 mM phosphate buffer (pH 8.0), 14 uM NanE,

2.5-50 mM diketide-SNAC, and 20 ul of a saturated solution of DTNB, plus
10% (v/v) DMSO in a total volume of 200 pl. Several parallel control reactions
were performed for each substrate, and the data corrected for any background
reactions. Controls were as follows: control 1: enzyme and DTNB without sub-
strate; control 2: substrate and DTNB without enzyme; and control 3: only
DTNB. Velocities were linear (* > 0.98) within the first 10 min. For incubation
of NanE mutant W97A with diketide-SNAC 9 or 10, the assay conditions
were the same, except that the concentration of NanE W97A was reduced
to 2.8 uM. The data from both sets of assays were fit directly to the Michae-
lis-Menten equation by nonlinear least-squares regression with Kaleidagraph
software to calculate k.ot and K. Reported standard deviations in the
steady-state kinetic parameters represent the calculated statistical errors in
the nonlinear, least-squares regression analysis.

Hydrolysis of Monensin-SNAC

The preliminary assay mixture consisted of 50 mM phosphate buffer (pH 8.0),
35 uM NanE, 5 at 200 mM or 800 mM, and 10% DMSO in a total volume of
500 ul. The reaction was incubated at 30°C. At intervals of 15, 30, 60, 90,
and 120 min, 60 ul samples were withdrawn and quenched by mixing with
20 pl of 1 M HCI. The protein was removed with a 5000 MW cut-off filter (Ami-
con). Free thiol formation was quantified at 412 nm by mixing 100 pl of a satu-
rated solution of DTNB in 50 mM phosphate buffer (pH 8.0) and 850 ul of
50 mM phosphate buffer (pH 8.0). Steady-state kinetic measurements were
carried out in triplicate. Velocity measurements were carried out at concentra-
tions of 5 of 200, 300, 400, 600, and 800 uM. The assay mixtures consisted of
50 mM phosphate buffer (pH 8.0), 35 uM NanE, 5 at various concentrations,
and 10% (v/v) DMSO in a total volume of 200 ul. The reactions were incubated
at 30°C for 2 hr, conditions under which the reaction had been shown to be lin-
ear, at which time three 60 pl samples were quenched by the addition of 15 ul
of 1 MHCI. Parallel control reactions were measured at each substrate concen-
tration in the absence of enzyme, and the data were corrected for any back-
ground reaction. The average of the normalized data for each triplicate assay
was fit to the Michaelis-Menten equation to calculate the k..t and K;,,. Reported
standard deviations in the steady-state kinetic parameters represent the calcu-
lated statistical errors in the nonlinear, least-squares regression analysis.
Hydrolysis of Nanchangmycin-SNAC (4) and Nanchangmycin
Aglycone-SNAC (7)

Because nanchangmycin and nanchangmycin aglycone both have strong UV
absorbance at 234 nm and are easily resolved by HPLC, the hydrolysis of nan-
changmycin-SNAC (4) and nanchangmycin alycone-SNAC (7) were each di-
rectly assayed by RP-HPLC, monitored at 234 nm with a Phenomenex Synergi
2.5 um RP C4g analytical column (100 x 2.00 mm) at a flow rate of 0.4 ml/min. A
linear gradient of acetonitrile (solvent B) in water with 0.1% TFA (solvent A) was
used to separate each polyether product from the corresponding SNAC-thio-
ester substrate. Separation of nanchangmycin-SNAC (4) and nanchangmycin
(1): 0-3 min, 85% solvent B; 3-7 min, from 85% to 90% solvent B, 7-10 min,
90% solvent B; 10-13 min, from 90% to 95% solvent B; 13-15 min, from
95% to 100% solvent B. Nanchangmycin-SNAC (4) retention time was 4.9 min;
nanchangmycin (1) retention time was 6.8 min. Separation of nanchangmycin
aglycone-SNAC (7) and nanchangmycin aglycone (6): 0-3 min, 60% solvent B;
3-7 min, from 60% to 80% solvent B, 7-10 min, from 80% to 90% solvent B;
10-13 min, from 90% to 100% solvent B; 13-15 min, 100% solvent B. Nan-
changmycin aglycone-SNAC (7) retention time was 7.2 min; nanchangmycin
aglycone (1) retention time was 9.8 min. For calibration, a standard curve
was generated by integrating the peak area of standard nanchangmycin at
a range of concentrations. Assay mixtures consisted of 50 mM phosphate
buffer (pH 8.0), 17.5 uM NanE, and variable concentrations of 4 (7.4, 14.85,
29.7, 44.5, and 59.4 uM) and 5% (v/v) methanol in a total volume of 400 pl.
The mixtures were incubated at 30°C for 1 hr, conditions under which the re-
action had been shown to be linear. They were then extracted with 4 x 300 pl
of ethyl acetate, and the combined and concentrated organic extracts dis-
solved in 20 ul of methanol, and a 10 pl sample was analyzed by HPLC. The
initial linear velocities were fit to the Michaelis-Menten equation to calculate
Keat and Ki,. Reported standard deviations in the steady-state kinetic param-
eters represent the calculated statistical errors in the nonlinear, least-squares
regression analysis. The hydrolysis of nanchangmycin aglycone-SNAC (7)
(14.5, 29, 58, 116, and 232 uM) was assayed under identical conditions, except
that the incubations were carried out for 2 hr, conditions under which the reac-
tion was shown to be linear.
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