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Abstract

We report a preliminary functional and complete structural characterization of a highly unusual
geldanamycin analog, natalamycin A, that was isolated from Streptomyces strain M56 recovered
from a South African nest of Macrotermes natalensis termites. Bioassay-guided fractionation
based on antifungal activity led to the isolation of natalamycin A, and a combination of NMR
spectroscopy and X-ray crystallographic analysis, including highly-accurate quantum-chemical
NMR calculations on the largest and most conformationally-flexible system to date, revealed
natalamycin A’s three-dimensional solid- and solution-state structure. This structure along with
the structures of related compounds isolated from the same source suggest a geldanamycin-like
biosynthetic pathway with unusual post-PKS modifications.

Introduction

Bacterially-produced small molecules modulate interactions between the microbial
producers and their relatives, allies, competitors, and hosts. These molecules have long
interested chemists because of their potential therapeutic value, their remarkable molecular
structures, and the challenges posed by their synthesis and biosynthesis. In a systematic
effort to discover new members of this family, we have been exploring the bacterial
symbionts of insect agricultural systems.
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Agriculture in insects is ancient, originating millions of years ago when insect farmers —
ants, beetles, and termites, — formed obligate mutualisms with specialized food fungi.! The
insect benefits by feeding on the fungus, and the fungus benefits by the insect providing
plant material for the fungus to consume in protected gardens. A third party to this
symbiosis, bacteria, fend off pathogens by producing antibacterial and antifungal agents that
suppress specialist and generalist crop pathogens. The secondary metabolites produced by
the bacteria in these agricultural systems are expected to undergo multiple rounds of
alteration and selection, which likely makes them promising therapeutic candidates. 1:2

In an effort to extend earlier studies, we investigated termite-associated Actinobacteria and
their potential for producing biologically active small molecules.® Screening bacterial
isolates against the cultivar (Termitomyces spp.) and pathogen (Pseudoxylaria spp.) revealed
that while most of the Actinobacteria produced molecules with antifungal activity,
Sreptomyces strain M56, isolated from the fungal comb material of a Macrotermes
natalensis Mn802 colony, showed exceptionally high and broad-range antifungal activity.
Further investigation of Streptomyces sp. M56 led to the isolation of natalamycin A (1) and
related ansa macrolides (Figure 1).

Results and Discussion

Fungal comb material was collected from a South African M. natalensis Mn802 colony
(Figure 2) and bacteria from the comb were grown and subcultured to yield a Streptomyces
isolate called M56. M56 is most closely related to S. malaysiensis 1160 as judged by 100%
16S rRNA sequence identity. On a preparative scale, M56 was grown on ISP-2 agar for 14 d
and was subsequently extracted using iPrOH. The concentrated crude extract was subjected
to bioassay-guided fractionation against Pseudoxylaria X802 using a disk assay.
Fractionation began with C18 solid phase extraction followed by MeOH/H,0 elution. Two
fractions (80% MeOH in H,O and 100% MeOH) exhibited antifungal activity, and they
were combined and subjected to preparative-scale C18 reverse-phase HPLC. 1H NMR
analysis of a contiguous set of bioactive fractions indicated that geldanamycin (2),% a known
antifungal agent, was present. However, additional compounds were observed in these
fractions. Through a careful series of semi-preparative reverse-phase HPLC experiments
with a phenyl-hexyl column, reblastatin (3),° 17-O-demethyl-geldanamycin (4),6 19-S
methylgeldanamycin (5),” 17-amino-17-demethoxy-geldanamycin (6),8 methyl
geldanamycinate derivative 7, and recently reported geldanamycin analog 9 were resolved
and isolated.10 There were also two previously unreported metabolites. The first was 17-
amino-17-demethoxy-methyl geldanamycinate (8), which is a plausible biosynthetic
precursor to 6,11 and it was characterized through MS and 2D NMR analysis. The second
and more structurally challenging metabolite was a fused bicyclic [6.4.0] ansa macrolide,
which we named natalamycin A (1) after its association with M. natalensis. The yield of 1
when grown on 50 x 14 cm diameter ISP-2 agar plates was 0.7 mg. We were unable to
observe natalamycin A production if the bacteria were grown in ISP-2 liquid media.

While the fractions containing mixtures of natalamycin A, geldanamycin and its analogs
exhibited antifungal activity against the Pseudoxylaria X802 fungus, activity was also
observed against the Termitomyces T112 cultivar. This differs from the selectivities seen in
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beetle and ant systems, but it agrees with recent competition studies by Visser and co-
workers in which Actinobacteria from termite nests were found to inhibit both cultivar and
pathogenic fungus.12 They concluded that a mutualistic symbiosis would still be possible if
the antibiotics were applied with spatial localization. It should also be noted that M56
produces not fully characterized metabolites with antifungal activity that are not
geldanamycin analogs. Furthermore, natalamycin A exhibited weak or no activity against
the fungal cultivar, S. cerevisiae, B. subtilis, and other isolated fungi. Studies are underway
to further evaluate natalamycin A’s bioactivity in a larger set of assays.

In regards to the structural elucidation of natalamycin A (1), analysis through HR-ESI-MS
provided the unfamiliar molecular formula of C35H59N20141 (MVz 697.3310 [M + Na]*), and
initial further analysis relied heavily on NMR spectroscopy. NMR analysis revealed that it
contains the macrolactam core of geldanamycin (2). HMBC data and comparison of 1 to the
NMR data for 3 revealed that the six-membered carbocycle is a substituted phenol, not the
substituted benzoquinone of 2. NMR analysis revealed an additional spin-system which
appeared to form, in conjunction with the phenolic core, an unprecedented fused bicyclic
[6.4.0] fragment that had not been found in any previously reported ansamycins. COSY and
HMBC analysis allowed for the determination of bond connectivities for the 8-membered
ring. It is interesting to note that while 1 was originally analyzed in CD30D, the crucial
HMBC correlation establishing the connectivity of the acetal moiety to the aromatic core
was only observed by NMR analysis in CDCls. This allowed for the assignment of C20 and
C21 as the bridgehead carbons versus fusion through C19 and C20. Altogether, NMR
analysis provided bonding arrangements for 1, but it was unable to clearly define the relative
stereochemistries of the methoxy and methyl groups on the eight-membered heterocyclic
ring or to connect those relative stereochemistries with those of the macrolactam.

In order to fully elucidate the relative and absolute structure of 1, X-ray diffraction analysis
was used. After multiple attempts, small crystals of 1 were grown through slow evaporation
from CHCI3 with minimal MeOH. Achieving sufficient resolution and data quality for the
measurement of these crystals virtually precluded the use of in-house diffractometers.
Therefore, data collection was performed using high-flux synchrotron radiation with a
helium cold stream (ChemMatCARS, Advanced Photon Source, Argonne National
Laboratories), and the crystal structure was successfully solved and refined with sufficient
resolution and quality (Figure 3).13 Fortuitous inclusion of three CHCl3 solvent molecules
within the asymmetric unit cell allowed for the unambiguous determination of absolute
stereochemistry at a shorter typical synchrotron wavelength (0.41 A) affording a Hooft y
parameter of 0.00(4).14 The methoxy and methyl groups on the eight-membered ring were
both determined as 1’R and 4'R and the stereocenters on the macrolactam ring matched those
of geldanamycin. Natalamycin A crystallizes in a closed C-clamp conformation in a similar
fashion to 19-(2-furyl)geldanamycin synthesized by Moody and co-workers with its cis-
configured macrolactam,® and in a fashion different from the solid-state conformation of
17-azetidinyl-17-demethoxygeldanamycin, which has an open extended conformation with
its trans-configured macrolactam.16

Next, we wanted to predict 1H and 13C NMR chemical shifts for 1 with sufficient accuracy
to understand its predominant solution conformation, to verify the assignment of
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experimental chemical shifts, and to establish reliable procedures for structural elucidation
of other natural products in the laboratory. The conformation of geldanamycin analogs also
has special significance as it affects binding to Hsp90, geldanamycin’s therapeutic target.
Previous conformational studies of 2,17 17-azetidinyl-17-demethoxygeldanamycin,16 and
19-(2-furyl)geldanamycin!® used NMR and/or in silico analysis, and Moody and co-workers
outlined the importance of geldanamycin analogs adopting a C-clamp conformation for
target binding.1°

We used a recent quantum-chemical NMR calculation method developed by Tantillo and
co-workers!8 that successfully revised the structures of aquatolidel82 and nobilistine A18P as
it promised the sensitivity we needed. The method depends on finding relevant conformers,
which is not trivial for 1 due to its size and flexibility. Natalamycin A contains 98 atoms and
has 294 degrees of freedom. This poses a particular challenge in regards to finding
conformers, energetically ranking conformers and eliminating irrelevant ones through very
computationally intensive DFT optimization and frequency calculations, and performing
high-level NMR calculations, all in a high-throughput fashion. Through the use of multiple
conformational search tools along with the aid of the X-ray crystal structure and subsequent
DFT geometry optimizations using cluster hardware, two relevant conformers of 1 - C-
clamp and extended — were afforded, and the C-clamp is the global minimum (AGogg 15 k=
1.08 kcal/mol, 86% population). NMR calculations with implicit CHCI3 solvation, empirical
scaling of the isotropic shifts, averaging of equivalent proton shifts, and Boltzmann
averaging afforded the calculated *H and 13C shifts relative to TMS (Figure 4).

The calculated *H and 13C NMR chemical shifts correspond very well to experimental
values. The respective corrected mean absolute deviation (CMAD) for 1H and 13C shifts are
0.13 ppm and 2.1 ppm, and the respective maximum shift deviation for each is 0.57 ppm and
4.2 ppm. These error statistics values are low and closely correspond to those obtained by
Tantillo and co-workers in their NMR calculation studies.18 The data strongly suggest that 1
adopts a C-clamp solution conformation due to significant differences in the error statistics
for each individual conformer arising from 1H and 13C shift discrepancies. For the C-clamp
conformer, the CMAD values for 1H and 13C shifts are 0.12 ppm and 2.2 ppm, respectively,
whereas for the extended conformer it is 0.38 ppm and 3.2 ppm, respectively. The extended
conformer has larger shift discrepancies overall. The C-clamp conformer geometry also
aligns with the experimental ROESY correlations. These results show that given properly
identified relevant conformers, highly accurate chemical shifts can be computed for large
and flexible secondary metabolites, which further validates the power and versatility of the
method by Tantillo and co-workers for natural product structural studies. To the best of our
knowledge, this is the largest and most conformationally flexible molecule in which this
quantum-mechanical NMR calculation method has been generally used, and is the first time
that it has been employed for the purposes of resolving conformational versus bond
connectivities.

Geldanamycin was isolated from S. hygroscopicusin 1970, and since then the ansamycin
family of structurally complex and therapeutically promising molecules has grown
considerably,*19 serving as an impetus for biosynthetic studies. These studies have revealed
that ansamycins are assembled from a 3-amino-5-hydroxybenzoic acid (AHBA) starter unit
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followed by the addition of extender units — malonate, methylmalonate, and
methoxymalonate — to form their polyketide backbones.20 After chain extension, the
resulting seco-progeldanamycin is released with concomitant macrolactam formation to
release progeldanamycin.2! Progeldanamycin undergoes a variety of post-PKS modification
— C-17 hydroxylation, C-17 O-methylation, C-21 oxidation, C-7 carbamoylation, and a late
stage C-4/C-5 dehydrogenation — to form family members. The recent isolation of several
new metabolites functionalized at C-19 highlight the possibilities of other family members
from alternative post-PKS modifications.”:222 Another approach to ansamycin structural
diversification using chain extender units has recently been reported.23

The pathway for ansamycin biosynthesis in S. hygroscopicus coupled with the identification
of compounds 1-9 in this study on M56 allows a plausible biosynthetic hypothesis for 1 and
9 to be drawn (Figure 5). In this formulation the PKS ansamycin pathway could lead to 10
through early release of seco-progeldanamycin followed by the known modifications listed
above. Alternatively progeldanamycin could undergo the same modifications to give 11, the
macrolactam version of 10. A five-carbon fragment with the sort of functionality shown in
12 could react with either 10 or 11 to eventually give 1 or 9. It is hypothetically possible that
a five-carbon fragment of this nature can be derived from 4-hydroxy-2-oxopentanoate,
which is an intermediate in 3-phenylpropionate catabolism. This catabolic pathway is known
in Escherichia coli and other microbes.?4 For actinomycetes, an enzyme within this pathway
that forms 4-hydroxy-2-oxopentanoate from 2-oxopenta-4-enoate (2-oxopent-4-enoate
hydratase) is present in an annotated gene sequence belonging to Sreptomyces sp. SirexAA-
E (GenBank accession number for hydratase: AEN11956.1), which is a member of a
bacterial/fungal symbiotic community associated with Srex noctilio, an invasive pinewood-
boring wasp.2®

Conclusions

This study explored the biosynthetic potential of Sreptomyces sp. M56 isolated from the
fungal comb of a Macrotermes natalensis Mn802 nest with an initial focus on natalamycin
A (1). Natalamycin A was structurally characterized with NMR spectroscopy and X-ray
crystallography. Additionally, quantum-chemical NMR calculations were successfully used
on the largest and most conformationally-flexible system to date to predict its solution
conformation, as opposed to previous applications of this technique to solely determine bond
connectivities. The identification of structurally related metabolites that are likely
biosynthetic precursors coupled with the known geldanamycin biosynthetic pathway
allowed a plausible biosynthetic pathway to compounds 1 and 9 to be constructed as a basis
for further studies. Efforts to sequence and assemble the G+C rich / highly redundant
Streptomyces sp. M56 genome and efforts to maximize production of 1 for biological testing
are currently underway in our laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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4 R'=0OH,R2=H 7: R = OCH;
5 R' = OCHs, R = SCH; 8 R=NH;
6:R' = NH,, R’=H

Fig. 1.
Natalamycin A, geldanamycin and other analogs isolated from Streptomyces sp. M56
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Fig. 2.
South African Macrotermes natalensis colony and fungal comb. The white nodules are the

Termitomyces fungal cultivar.
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Fig. 3.
Wall-eye stereoview of the crystal structure of 1 exhibiting a C-clamp conformation, with

CHCls5 solvent hidden for clarity. Ball-and-stick representation displayed; see Supporting
Information for ORTEP plots.
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Fig. 4.
Comparison of Boltzmann-averaged computed NMR chemical shifts (bolded) and

experimental values (underlined and italicized) for 1 shown on the major C-clamp
conformer with error statistics for a) 1H and b) 13C. Computed values were obtained using
the SCRF(chloroform)-mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) level of theory,
and experimental values were obtained in CDCls.
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Fig. 5.
Biosynthetic hypothesis for natalamycin A (1) and 9 from Streptomyces sp. M56
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