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ABSTRACT: Microbes sense and respond to their
environment with small molecules, and discovering these
molecules and identifying their functions informs chem-
istry, biology, and medicine. As part of a study of
molecular exchanges between termite-associated actino-
bacteria and pathogenic fungi, we uncovered a remarkable
fungal metabolite, homodimericin A, which is strongly
upregulated by the bacterial metabolite bafilomycin C1.
Homodimericin A is a hexacyclic polyketide with a carbon
backbone containing eight contiguous stereogenic carbons
in a C20 hexacyclic core. Only half of its carbon atoms have
an attached hydrogen, which presented a significant
challenge for NMR-based structural analysis. In spite of
its microbial production and rich stereochemistry,
homodimericin A occurs naturally as a racemic mixture.
A plausible nonenzymatic reaction cascade leading from
two identical achiral monomers to homodimericin A is
presented, and homodimericin A’s formation by this path,
a six-electron oxidation, could be a response to oxidative
stress triggered by bafilomycin C1.

Bacteria and fungi often compete for common substrates in
a shared environment, and small-molecule exchanges

typically mediate this competition. Identifying these small
molecules and their functions provides essential information for
chemical ecology and identifies small-molecule biological
probes and potential therapeutic agents. We have been studying
the molecular exchanges between bacteria and fungi in a variety
of contexts, and a recent study of one such pairStreptomyces
sp. 4231 from a termite nest and Trichoderma harzianumWC13
from the same environmentuncovered a remarkable fungal
metabolite, homodimericin A (1), which is the subject of this
report.
As part of a larger study, we screened the interaction of a

bacterial strain (Streptomyces sp. 4231) isolated from a Florida
termite nest (Coptotermes formosanus) and an ecologically
relevant fungal pathogen, the soil fungus T. harzianum.1 On a
solid agar plate assay, Streptomyces sp. 4231 elicited the
production of yellow pigments in nearby T. harzianum WC13
colonies (Figure S1), and the pigment mixture included 1,
which is also produced by T. harzianum T22 (ATCC 20847).

Further studies established that the production of 1 is a direct
response to the bacterially produced antifungal agent
bafilomycin C12 but not bafilomycins B1 and D, which are
also produced by Streptomyces sp. 4231 (Figures S5 and S8).
Homodimericin A’s molecular formula (C28H26O8), based on

ESI-QTOF data, indicated a severe proton deficiency and a
challenging structural analysis. The 13C NMR spectrum
revealed five carbonyls with resonances between 194 and 201
ppm (δC 194.9, 195.1, 195.4, 196.8, and 200.1) and five olefins
with 10 carbon resonances between 123 and 161 ppm (δC
123.6, 125.6, 129.3, 130.4, 131.6, 135.7, 138.0, 140.1, 158.7, and
160.4), which accounted for 10 of the 16 degrees of
unsaturation. Six rings account for the remaining six degrees
of unsaturation. The 1H NMR spectra revealed three vinyl
methyls, one doublet methyl (1.75 ppm), two singlet methyls
(1.69 and 1.82 ppm), and several olefinic protons between 5.70
and 6.50 ppm.
Analysis of routinely employed 2D NMR experiments

(COSY, ME-PS-HSQC, HMBC, and ROESY) in conjunction
with ACD/Laboratories Computer-Assisted Structure Elucida-
tion (CASE) software3 identified three partial structures. The
HMBC spectrum indicated pseudosymmetry within the
molecule that was most clearly indicated by correlations of
the two vinyl singlet methyls [9.9 (C14′) and 9.6 (C14) ppm].
The two methyl groups had correlations to similar but distinct
carbonyls [195.4 (C4′) and 194.3 (C4) ppm, respectively] as
well as a similar but distinct olefin [123.6 (C3′)/160.4 (C2′)
and 125.6 (C3)/158.7 (C2) ppm, respectively], all of which are
quaternary carbons. Comparing chemical shifts to a library of
known compounds using the ACD/Structural Elucidator
software6 revealed that these shifts most likely belonged to
two 2-hydroxy-3-methylbut-2-ene-1,4-dione moieties (Figure
S20). The third fragment structure was a hexa-2,4-dienol, a
group commonly seen in Trichoderma spp. metabolites.4,5

However, a thorough analysis of the ensemble of NMR
experiments acquired thus far and processing by ACD/
Structure Elucidator software (Table S5) did not lead to a
clearly defined planar structure for homodimericin A because of
both its structural complexitysix rings linking 20 carbon
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atomsand the indeterminate nature of the heteronuclear
long-range coupling pathway of the HMBC correlations.
We then obtained a 1,1-HD-ADEQUATE spectrum7

optimized for 1Jcc = 40 Hz, which in conjunction with the
previously obtained HMBC data led to the complete planar
assignment of homodimericin A (1) (Figure 1). Correlations in

the 1,1-HD-ADEQUATE spectrum arise from one-bond
coupling of carbon pairs with proton detection and thus
provides crucial two-bond connectivity. Correlations observed
in the 1,1-HD-ADEQUATE spectrum of 1 yielded key
information on the carbon−carbon connectivity of the four
unassigned methines (C7, C5′, C11′, and C12′), three of which
turned out to be bridgehead carbons, and each of their three
substituents, in addition to the two substituents on the
methylene (Figure 2). With the new data, the six rings were

unequivocally set as three six-membered rings and three five-
membered rings. Two of the six-membered rings contained the
2-hydroxy-3-methylbut-2-ene-1,4-dione moieties previously
identified, and the hexa-2,4-dienol tail moiety was attached to
the five-membered ring containing C8, which also bears the
hydroxyl group.
Inclusion of the 1,1-HD-ADEQUATE data in the ensemble

of NMR data analyzed by the ACD/Structure Elucidator
rendered the problem tractable and significantly reduced the
number of potential candidates. These data reduced the

number of isomers generated from 35 394 to 4280 with six
and two molecules, respectively, after passing filtering to
remove duplicates and reduced the generation time from 32
min to 9 s. The top candidate structure matched the planar
structure assigned through manual interpretation of the data
with a dN(

13C) value of 3.51 ppm. Overall, the analysis strongly
supported the planar structure of homodimericin A as shown in
Figure 1: a hexacyclic polyketide with a carbon backbone
containing 14 quaternary centers, including 11 consecutive
quaternary carbons, in a C20 hexacyclic core.
Stereochemical analysis of homodimericin A (1) has

straightforward and complex aspects. The straightforward
ones arise largely from the constraints imposed by the
polycyclic core and partly from noting that homodimericin A
occurs as a racemic mixture, as shown by its lack of an
observable Cotton effect in the circular dichroism spectrum
(Figure S9). The complex polycyclic core fixes the relative
configuration at C5, C6, C6′, and C11′ but leaves C7, C8, C5′,
and C12′ undetermined. To determine these four stereo-
centers, we combined multiple sources of experimental data,
including ROEs, 13C chemical shifts, two- and three-bond
heteronuclear J couplings,8 and anisotropic NMR data
comprising residual dipolar couplings (RDCs)9,10 and residual
chemical shift anisotropy (RCSA),11 with DFT structural
modeling.12 By consideration of only diastereoisomeric
candidates with the configurations at C5, C6, C6′, and C11′
fixed as S, R, S, and R, respectively (as drawn), possible
candidates for homodimericin A can be labeled by their
configurations at the unknown centers: C7, C8, C5′, and C12′.
For example, the final configuration determined, as shown in
Figure 1, is represented by 7S,8R,5′S,12′S (SRSS hereafter). In
principle, one needs to consider 16 different diastereoisomers,
but in practice, because of the multiple constraints imposed by
the polycyclic core structure, not all of the combinatorial
possibilities need be considered. For example, an ROE
correlation between H5′ and one of the H7′ methylene
protons suggests that H5′ should point “up”, which assigns C5′
as S. Assigning C5′ as S also fixes the configuration of C7′ as S
since the C5′S/C7′R combination does not lead to a reasonable
model. A second example is generated by the ROE correlation
observed between the 13′ and 14 methyl protons, which can be
explained only if the C13′ methyl is “up”, requiring C12′ to be
S. Assigning C12′ as R puts the two methyls >5 Å apart on the
basis of DFT modeling. Further evidence is provided by the
unusual upfield shift of the 13′ methyl at 0.71 ppm due to
shielding in the S configuration but not in the R configuration.
As an orthogonal stereochemical validation, we employed

RDC9,10 and RCSA11 data to evaluate the goodness of fit for
four diastereoisomers: SRSS, SRRS, SRSR, and RRRS. In our
initial trial with all of the RDC and RCSA data included in the
fitting with the lowest-free-energy conformers from DFT, we
noticed that the diene tail, connected to the core via C8, was
inaccurately placed by DFT geometry optimization since
neither C8R nor C8S led to satisfactory agreement even
when tail mobility was taken into consideration through
ensemble fitting. We temporarily ignored the C8 stereo-
chemistry, fixing it as R, and then used RDC and RCSA data to
determine the other stereogenic centers within the core.
Among the four diastereoisomers, SRSS has by far the lowest Q
factor of 0.162, with the next lowest Q factor, 0.329, found for
the SRSR configuration (Figure 3). The other two diaster-
eoisomers have still higher Q factors.

Figure 1. (A) 2D and (B) stereoview representations of homodimer-
icin A (1).

Figure 2. Key 2D NMR correlations for homodimericin A.
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The most difficult issue in the stereochemical analysis was
the configuration at C8. ROE data were equivocal; RDC and
RCSA data were complicated by tail positions in the DFT
models. However, C8 was assigned through J-based config-
uration analysis (JBCA)8 as R in conjunction with DFT
calculations. C8R contains two low-energy rotamers that should
exhibit 3JCH coupling constants from H7−C9 of 4.5 and 6.0 Hz
and from H11′−C9 of 1.9 and 2.7 Hz. In contrast, for C8S the
corresponding two rotamers from H7−C9 were calculated to
be 0.1 and 0.1 Hz, and for H11′−C9 they were expected to be
0.2 and 0.4 Hz. In a selective HSQMBC IPAP experiment,13,14

the measured H7−C9 coupling was 5.1 Hz while the H11′−C9
coupling was 2.2 Hz, establishing the configuration as C8R.
Finally, with the relative configuration determined, we

refined the diene tail orientation on the basis of RDC/RCSA
data, ROE data, and the free energy landscape from DFT
calculations (see the Supporting Information). The two tail
olefin bonds both have E configurations, and as a result, all four

C−H bond vectors and 13C CSA tensors are parallel, giving rise
to identical and redundant RDC and RCSA values. However, in
combination with ROE data and DFT calculations, we were
able to establish a dominant conformer with an O−C8−C9−
C10 dihedral angle of 100°.
The racemic nature of 1 suggests that the key dimerization

and cyclization steps in its biosynthesis occur spontaneously in
situ in a manner somewhat similar to the proposed biosynthesis
of (±)-epicolactone produced by the endophytic fungal species
Epicoccum.15,16 A plausible scheme for the generation of 1
commences with the formation of aryltriol heptaketide 2
through a polyketide synthase pathway (Scheme 1).17

Oxidation of 2 affords 1,4-benzoquinoid 3, which subsequently
homodimerizes through a Michael addition to form adduct 4.
This transformation involves γ-addition of the conjugated enol
in monomer 3-A to the disubstituted endocyclic olefinic center
bearing the triene in monomer 3-B. An intramolecular Michael
addition involving 4 to form the internal cyclopentenyl ring in 6
is less likely, as it would involve a Baldwin-disfavored neutral 5-
(enolexo)-endo-trig cyclization.18,19 Alternatively, aromatization
of 4 generates benzylic carbocation intermediate 5, which can
undergo a cationic cyclization that establishes a fluorenyl-
related system in 6 where the pendant cyclopentenyl hydrogen
and alkenyl/keto groups have a cis stereoconfiguration.
Oxidation of 6 to benzoquinoid 7 enables an intramolecular
endo-selective Diels−Alder reaction with the pendant hepta-
trienol unit followed by keto−enol tautomerization to generate
pentacyclic 8. The sequence concludes with an intramolecular
5-exo-trig Prins cyclization of 8, where the cyclization event
produces transient secondary carbocation 9 that undergoes a
deprotonation involving the neighboring pseudoaxial hydrogen
to furnish (±)-homodimericin A (1). Although efforts to
identify 2 in the chemical extract of T. harzianum have so far
been unsuccessful, this outcome was not unexpected given its
likely propensity to oxidize. In a related system, it took over 20
years to identify sorbicillinol, a structurally related polyketide
that is a component of all sorbicillinoid-related metabolites.20,21

The dramatic upregulation of homodimericin A (1)
production caused by bafilomycin C1 argues that it fulfills a
functional role, but diverse antifungal and antibacterial assays
have failed to identify any significant activity. Homodimericin
A’s lack of antibiotic activity points to a model in which
homodimericin A plays a defensive, not an offensive, role in the

Figure 3. Correlation plots of experimental RDC (red) and RCSA
(blue) values with back-predicted values from DFT models.
Diastereoisomer SRSS has a much lower Q factor (A) than
diastereoisomers SRRS, SRSR, and RRRS (B−D).

Scheme 1. Proposed Mechanism of Formation of Homodimericin A via a Cascade of Nonenzymatic Reactions
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competitionthat it may be a matter of what homodimericin A
production does rather than what homodimericin A itself does.
Bafilomycin C1 is a potent V-ATPase inhibitor, and fungal V-
ATPases are well-known to play a critical role in maintaining
cytosolic pH homeostasis.2,22 More recently, additional roles in
oxidative stress resistance in yeast and human cells have been
identified.23 This oxidative stress role suggests a model in which
the reactive oxygen species generated by bafilomycin C1’s
inhibition of V-ATPases are removed through the conversion of
two hydroquinone monomers (2) to homodimericin A (1) in
an overall six-electron oxidation that involves no enzyme-
catalyzed steps. In this model, homodimericin A is the
biologically inert aftermath of a fungal counter to a bacterial
attackit is the biological equivalent of a spent sacrificial anode
rather than an antibacterial agent. It will be interesting to see
whether this proposal can be confirmed with laboratory studies.
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