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ABSTRACT

O OH

Laboratory cultures of an undescribed streptomycete obtained from the surface of a British Columbia lichen produce uncialamycin (1), a new

enediyne antibiotic. The structure of uncialamycin (1) has been elucidated by analysis of spectroscopic data. Uncialamycin (1) exhibits potent

in vitro antibacterial activity against Gram-positive and Gram-negative human pathogens, including Burkholderia cepacia , a major cause of
morbidity and mortality in patients with cystic fibrosis.

TheBurkholderia cepaci@omplex (Bcc) is a group of nine  structure elucidation, and antimicrobial activity spectrum of
species of Gram-negative nonsporulating bacilli that were uncialamycin are presented below.

originally identified as plant pathogehdcc have recently The producing strain was extracted from the surface of a
emerged as serious opportunistic human pathoénsg  jichen Cladonia uncialiscollected near Pitt River, British
infections with Bcc in cystic fibrosis patients correlate with  cqjumbia. Characterization by 16S RNA sequencing showed
poorer prognosis, longer hospital stays, and an increased riskpa sirain to be related but not identical Streptomyces

of death. Given the increased morbidity and mortality ¢ anogenusantibiotic activity was assayed by cutting plugs
assqcmted W|_th Bcc infections, espemally in c_hlldren, and_ from solid agar cultures of the strain and placing them on
the increase in the_ occurrence ‘,Jf Fhese mfecyons, there iSjayns of tester strains of bacteria. Good inhibitory activity
an urgent need to find new antibiotics for treating Bec lung |\ -« qotected against Gram-negative (including Bec) and

infections in humans ‘,N'th cystic fIbI.’OSIS. Gram-positive bacteria, but not against yeasts.
As part of a screening program, it was found that crude . . .
Production cultures of the producing strain were grown

organic extracts of cultures of a previously undescribed ) .
strgeptomycete showed potent in \?itro inhigition of Bcc. &5 'a"fns on SOI'd_ agar medium (ISP4, 16 L) for- 221 days
Bioassay guided fractionation of the crude extracts led to at_ 30°C. The solid agar cultures were _extracted repeatedly
the identification of the new enediyne antibiotic, uncialamy- With EtOAc. Concentration of the combined EtOAC extracts
icn (1), as the active component. Details of the isolation, IN YAcuo gave agummy residue that was partitioned between
EtOAc and HO. The EtOAc soluble material was fraction-
s Department of Microbiology and Immunology. ated by sequential application of flash C-18 reversed-phase
T Departments of Chemistry and Earth and Ocean Sciences. chromatography (eluent: step gradient froaOHo MeOH)
(1) Mahenthiralingam, E; Urban, T. A.; Goldberg, J. Rat. Re- and reversed-phase HPLC (column-Inertsil ODS-2; eluent:

Microbiol. 2005,3, 144—156. . . .
(2) Elborn, J. SThorax2004,59, 914—915. CHsCN/H,O 40:60) to give pure uncialamyciri) (~300
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ug) as a bright purple [UV(MeOH)Znanm () 206 (25000),
254 (33000), 280 (shoulder), 320 (shoulder), 539 (9400)]
optically active ([op +3300 (c0.005, MeOH)) oil.

Uncialamycin (1) gave a [M- Na]* ion atm/z462.0956
in the HRESIMS appropriate for a molecular formula of
C,6H17NOg (caled for GeH17NOgNa 462.0954) requiring 19
sites of unsaturation. NMR data for uncialamycin were
recorded in DMSQds at 600 MHz using a cryoprobe. The Figure 1. HMBC correlations used to identify two major fragments
13C NMR spectrum (Table 1) showed well-resolved reso- A and B of uncialamycin ).
nances for 26 carbon atoms, and tht NMR spectrum
contained resonances integrating for 17 protons, in agreement ) ) ) N
with the HRMS data. Inspection of the HSQC data revealed B (Figure 1) of uncialamycin could be identified from
that four of the protons5.39, 6.66, 10.0, and 13.2) were analysis of the COSY, HSQC, and HMBC data obtained for

not attached to carbon atoms. Two major fragments A and the molecule.
A pair of olefinic resonances at 5.97 (H-21) and 6.05

_ (H-20) that were strongly correlated to each other in the
COSY spectrum and had a coupling constant of 10 Hz were

182.2
824H _/ 5

Fragment B

1549  Fragment A

Table 1. *3C and*H NMR Assignments for Uncialamycirt}. assigned to a&is disubstituted olefin. The upfield olefinic
Data were Recorded in DMS@y at 600 MHz for'H resonance ab 5.97 (H-21) showed strong HMBC correla-
position 0 13C 0 H (mult., J (Hz)) tions to nonprotonated carbon resonances 89.7 (C-19)
1 10.0 (d, 4.6) and 98.9 (C-23), and the downfield olefinic resonancé at
2 143.6 6.05 (H-20) showed strong correlations to nonprotonated
3 110.4 carbon resonances at87.4 (C-22) and 100.4 (C-18). This
4 187.0¢ suite of HMBC correlations identified an enediyne substruc-
5 134.4 ture in1 (see fragment A in Figure 1). The olefinic resonance
6 126.1° 8.23 (dd, 1.4, 7.6)° atd 5.97 (H-21) showed a long range COSY correlation to
7 133.6¢ 7.88 (ddd, 1.4, 7.6, 7.6)° a methine resonance at5.04 (H-24), indicating that the
8 134.94 7.94 (ddd, 1.4, 7.6, 7.6)¢ . :
9 196.6¢ 8.24 (dd, 1.4, 7.6) carbon bearing the methine proton (C-28,43.2) was
10 132.9 attached to the C-23 alkyne carbon. A COSY correlation
11 182.9a observed between the methink §.04, H-24) and a broad
12 112.7 singlet at 10.0, which was not correlated to a carbon in the
13 154.9 HSQC spectrum, and the chemical shift of the methine
14 129.9 8.51(s) carbon (C-24,0 43.2) suggested that C-24 had an NH
iz 122'2 substituent. HMBC correlations observed between the H-24
e 63.0 5.14 (d. 3.3) methine (65.04) and the two alkyne carbon resonances at
18 100.4 ’ 87.4 (C-22) and 98.9 (C-23) confirmed the attachment of
19 89.7 C-24 to the C-23 alkyne carbon.
20 1234 6.05 (dd, 0.8, 10) A methine resonance & 5.14 (H-17) showed HMBC
21 124.0 5.97 (ddd, 1.4, 1.5, 10) correlations to the alkyne carbon resonances) 9.7
22 87.4 (C-19) and 100.4 (C-18), which demonstrated that the
23 98.9 methine carbon (C-179 63.0) was linked to the second
24 43.2 5.04 (dd, 1.5, 4.6) ;
95 76.0 alkyne at C-18. The methine resonancé &t04 (H-24) and_
% 63.6 4.31 (qd, 6.0, 6.0) the NH resonance at 10.0 both showed HMBQ correlations
97 29.1 1.30 (d, 6.0) to a deshielded resonancea76.0 (C-25), assigned to a
13-0H 13.2 (brd.s) nonprotonated oxygen-bearing carbon, supporting attachment
17-OH 6.66 (brd.s) of this carbon (C-25) to C-24. HMBC correlations between
26-OH 5.39 (d,6.0) a resonance at 63.5 (C-16), also assigned to a nonproto-
a-d May be interchanged. nated oxygenated carbon, and both of the proton resonances

at 6 5.04 (H-24) and 5.14 (H-17) suggested that the
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oxygenated carbon (C-16) was joined to both C-25 and C-17 engage in intramolecular hydrogen bonding with the C-11
to form a 10-membered ring (C-38C-25) containing the  carbonyl consistent with the observeti@hemical shift of
enediyne substructure. A COSY correlation between the ¢ 13.2.
methine resonance at5.14 (H-17) and a broad singlet at A strong 1D NOESY correlation observed betweeh.31
6.66 (17-QH) revealed an alcohol functionality attached to (H-26) and 5.14 (H-17), when 4.31 was selectively irradiated,
the methine carbon. showed that C-26 and C-17 wesis oriented about the C-16/

A methyl doublet atd 1.30 (Me-27,J = 6 Hz) was C-25 epoxide and also defined the relative configuration of
correlated in the COSY spectrum to a methine at 4.31 C-17 as shown. Molecular models indicated that the C-17

(H-26) that was further correlated to a broad singlet at 5.39 to C-23 enediyne containing bridge likely had todiefused
(26-OH), assigned to an alcohol. The methyl resonance ( t0 the piperidine ring. Uncialamycin (1) is related to
1.30, Me-27) showed a HMBC correlation to the carbon dynemicin A (2) and deoxidynemicin A3f isolated from
resonance at 76.0 (C-25), indicating that the hydroxyethyl Micromonospora chersindThe H-24 resonance in unciala-
fragment (C-26 and C-27) was the fourth substituent on the mycin (1) has a chemical shift of 5.04 and a 4.6 Hz
nonprotonated carbon C-25. HMBC correlations observed coupling to the NH-1 proton, which is nearly identical to
from the methine ab 4.31 (H-26) to the carbon resonances the chemical shiftd 5.05) and couplingd= 4.3 Hz) of the
ato 22.1 (C-27), 76.0 (C-25), 43.2 (C-24), and 63.5 (C-16) corresponding methine proton (H-2) in dynemicin A (2), in
confirmed the bonds between C-24 and C-25 and between@dreement with the assigned C-16/C-24 relative config-
C-25 and C-16. urations shown inl. Comparison of the additional NMR
Both the NH-1 proton ¢ 10.0) and the H-17 methine ass.ignr_nents reported for dynemicin ._A)(and its_triacetate
(5.14) were correlated to a carbon@t35.6 (C-15), and derivative (see Supporting Information) provided further

the H-24 methined 5.04) was correlated to a carbon at 143.6 Srong support for the proposed structure of uncialamycin
(C-2) in the HMBC spectrum, indicating that the NH and D). Thg relative configuration qt C-26 ih could not be
C-16 were vicinal substituents on an olefin or aromatic ring. 9€termined from the spectroscopic data, and the small amount

A deshielded singlet at 8.51 (H-14) showed strong HMBC of materigl available to datg has thps far precluded chemical
correlations into carbon resonance®@3.5 (C-16), 143.6 degradation efforts to elucidate this final structural feature.
(C-2), and 112.7 (C-12) and a weak correlation into the
carbon resonance at 154.9 (C-13). This set of HMBC
correlations confirmed that the NH and C-16 were attached
to a benzene ring. On the basis of the assumption that the
intense HMBC correlations were through three bonds, these
correlations also indicated that the aromatic mething.1,
H-14) was ortho to C-16463.5) and meta to the NH (C-2,

0 143.6). The weak HMBC correlation betweér8.51 and R O OH
154.9 was attributed to a two-bond coupling, placing the

carbon at 154.9 (C-13) ortho to the methine carbon (C-14), The biogenetic origin of uncialamycin is of interest. On
and its chemical shift required an oxygen substituent. one hand, the obvious structural similarities that exist

The second fragment B of uncialamycin contained an Petween uncialamycin (1) and dynemicin A (2) strongly

isolated 'H spin system comprised of four contiguous imply that they arise from the same biosynthetic pathway.
aromatic protonsq 8.23, dd,J = 1.4, 7.6 Hz H-6; 7.88,  On the basis of stable isotope feeding studies, Iwasaki and

ddd, 1.4, 7.6, 7.6 Hz H-7; 7.94, ddd,= 1.4, 7.6, 7.6 Hz co-workers proposed that the carbon skeleton of dynemicin
H-8: 8.24, dd,J = 1.4, 7.6 Hz H-9). HMBC correlations A (2) arises from coupling of two separate heptaketide chains
observed between the proton resonanck @23 (H-6) and @S shown in Figure 2A.One of the chains forms the

a carbon resonance at 187.0 (C-4) and between the proton’:mthraqumone fragment, while the other leads to the enediyne
resonance at 8.24 (H-8) and a carbon resonance at 182.3ragment. They are linked together through two acetate
(C-11) suggested that the other two substituents on thecarbonyl-derived carbons to form the C-8/C-9 bond. Interest-
benzene ring were quinone carbonyls. Fragments A and BiNgly, the C-30 carboxylic acid carbon i comes from a
shown in Figure 1 accounted for all of the carbon, hydrogen, Methyl carbon of acetate. . . .

and nitrogen atoms in the molecular formula of uncialamycin ~ AS shown in Figure 2B, uncialamycin (1) might be a
(1), but contained one extra oxygen atom. To complete the dégraded analogue of dynemicin &)(in which the C-5,
quinone and satisfy the remaining aromatic valences in -6, and C-30 skeletal carbon atoms of a dynemicin-like
fragment A, the two carbonyl carbons of fragment B (C-4 Precursor have been excised. Alternatively, the enediyne
and C-11) had to be attached to the two substituted aromaticffagment of1 could be formed from an undegraded hexa-
carbons (C-3 and C-12) of fragment A. Finally, it was ketide as shown in C, or the entire skeletonlofould be
apparent that the two oxygenated carbons, C-16 and C-25; (3) (@) Konishi, M.. Ohkuma, H.; Tsuno, T.. OKi, T.. VanDuyne G. D..
had to be bridged by an epoxide to account for the number cjargy, 3.3 Am. Chem. Soc990, 112, 3715-3716. (b) Konishi, M.;
of oxygen atoms and sites of unsaturation required by the Ohkuma, H.; Matsumoto, K.; Kamei, H.; Miyaki, T.; Oki, T.; Kawaguchi,
molecular formula ofl. This implied that the C-13 oxygen " YanDuyne, G. D.; Clardy, 1. Anibiot. 1989,42, 14491452

- . ; (4) Tokiwa, Y.; Miyoshi-Saitoh, M.; Kobayashi, H.; Sunaga, R.; Konishi,
substituent had to be part of a phenol functionality that would Mm.; Oki, T.; Iwasaki, S.J. Am. Chem. S0d992,114, 4107—4110.

2 R=0OH
3 R=H
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Figure 2. Possible biogenetic origins for uncialamycit).(

identifying the origin of the carbon skeleton in uncialamycin
(1) are currently underway in our laboratory.

Uncialamycin (1) shows potent in vitro antibacterial
activity againstStaphylococcus aureugviC 0.0000064
ug/mL), Escherichia coli(MIC 0.002ug/mL), andBurkhold-
eria cepacia(MIC 0.001ug/mL). All enediynes identified
to date characteristically act on duplex DNA and cause
single- and double-stranded breaks due to the action of ben-
zenoid diradicals formed as a result of Bergmann rearrange-
ment of the antibiotic molecule within the minor groove of
the target DNA>® The identification of uncialamycin as an
enediyne led to an examination of its activity as a DNA
damaging agent. Initial studies indicate that uncialamycin
interacts with plasmid DNA leading to extensive degradation.

The enediynes are potent antitumor agents and have been
studied extensively for use in the form of targeted antibody
complexed.Although the enediynes have potent antibacterial
activity, this class of natural products has not been developed
for this purpose. The use of alternative delivery systems,
especially in the treatment of serious lung infection, such as
cystic fibrosis, has not been explored.
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formed from a single tridecaketide as shown in the one
possible folding pattern D. Biogenesis C is particularly

(5) Smith, A. L.; Nicolaou, K. CJ. Med. Chem1996,39, 2103—2117.

(6) Myers, A. G.; Fraley, M. E.; Tom, N. J.; Cohen, S. B.; Madar, D. J.
Chem. Biol.1995,2, 33-43.

(7) (a) Damle, N. KExpert Opin. Biol. Ther2004,4, 1445—1452. (b)

appealing because it retains the two polyketide chain templategerger, M. S.: Leopold, L. H.: Dowell, J. A.; Korth-Bradley, J. M.; Sherman,

of dynemicin A biogenesis but does not require removal of
a two or three carbon fragment from a dynemicin-like

M. L. Invest. New Drug2002,20, 395—406. (c) Hamann, P. R.; Hinman,
L. M.; Beyer, C. F.; Greenberger, L. M.; Lin, C.; Lindh, D.; Menendez, A.
T.; Wallace, R.; Durr, F. E.; Upeslacis, Bioconjugate Chem2005, 16,

precursor. Stable isotope feeding experiments aimed at346—353.
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