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I. Introduction
The biosynthesis of the kinamycin antibiotics has

been studied primarily at the structural level, but
recently at the biochemical and molecular genetics
levels, as well. Although the kinamycins have been
known in the literature since 1970,1-6 an incorrect
identification of the fundamental skeleton formed the
basis of all work until the correct skeleton was
determined in 1994.7,8 As a result, a thorough review
of kinamycin biosynthesis requires inclusion of an
historical view of assumed biogenetic connections to
other metabolites. These later proved to be nearly
correct, albeit in a manner not originally anticipated.
Thus, while the kinamycins were believed for 23
years to be N-cyanobenzo[b]carbazoles (e.g, 1 for
kinamycin D), they are in fact diazo-substituted
benzo[b]fluorenes (e.g., 2 for kinamycin D, Table 1),
although the fundamental derivation from a ben-
zo[a]anthraquinone was correctly established in 1987.9
Many of the key recent findings have made use of
synthesized putative advanced biosynthetic interme-
diates, and a review of efforts toward the synthesis
of the benzo[b]carbazole and benzo[b]fluorene skel-
etons by various laboratories will be included. Some
aspects of kinamycin biosynthesis have been re-
viewed.10 The period covered by this review is from
1970 to 1996.
Four kinamycins were originally isolated from

Streptomyces murayamaensis sp. nov. Hata and
Ohtani (2-5, correct structures shown).3 These

bright golden-yellow compounds are strongly active
against Gram-positive bacteria but less so against
Gram-negative organisms. Kinamycin C showed
weak antitumor activity. The structures were char-
acterized by Ohmura et al. as possessing a benzo[b]-
tetrahydrocarbazole skeleton with an N-cyano moi-
ety, both of these features being extremely rare.
These were determined in part by chemical and
spectroscopic means. The structure and absolute
stereochemistry of kinamycin C was completed by an
X-ray crystallographic analysis of the p-bromoben-
zoate 20.5
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While the producing organism was assigned to the
genus Streptomyces, it seemed to resemble Nocardia
because of the fragmentation of the mycelium. Both
the original strain and the patent strain (ATCC
21414) at first failed to produce aerial mycelium and
appeared as firm, dark chocolate-brown colonies on
standard agar media. However, a lengthy incubation
on an oatmeal-based agar led to the formation of
isolated tufts of white aerial mycelium and to spore
formation. Subculturing led to a strain that formed
these structures reproducibly, and these are produced
more abundantly on ISP4 agar. The morphology,
chemical composition, and physiological properties
then led to recognition of a closer connection to
Streptoverticillium.11

Until 1989, S. murayamaensis was the only organ-
ism known to produce kinamycins. However, in
198912 and 1992,13 two other kinamycin-producing
microorganisms were reported. One organism is of
the genus Saccharothrix (produces 9 and 10), and the
other is an unidentified actinomycete (produces 11,
antibiotic A83016A). In 1994, Streptomyces chatta-

noogensis subsp. taitungensiswas reported to produce
kinamycin D and six new kinamycins, 12-15 (FL-
120A, -120C, -120C′, and -120D′, respectively) and
18 and 19 (FL-120B and -120B′).14,15

II. Biosynthetic Studies

A. Initial Studies

The biosynthesis of the kinamycins was first ex-
amined by Ohmura,16 who fed sodium [1-13C]acetate
(21a) and sodium [2-13C]acetate (21b) to S. mu-
rayamaensis. The derived kinamycins were analyzed
by IR spectroscopy, a novel approach to biosynthetic
studies. An isotope-induced shift of the putative
cyanamide 13C-N triple bond stretching frequency
from 2155 to 2139 cm-1 was noted only for the former,
and it was suggested that the cyanamide carbon was
derived from C-1 of acetate.
Sato et al.17 next explored the biosynthesis of these

compounds on the basis of a retrobiogenetic analysis
that anticipated that the benzo[b]carbazole skeleton
was derived from coupling a hydroxylated naphtho-
quinone, 22, and either 3-amino-5-hydroxytoluic acid,
23, or the product of its decarboxylation, 24, as shown
in Scheme 1.18,19 There was precedent for either

precursor to be derived by either a polyketide20-23 or
shikimate-based pathway,24-26 or a combination of
both.27,28 Sodium [1,2-13C2]acetate (21c) was fed to
S. murayamaensis grown in a medium that allowed
high production of kinamycin D in the presence of
such nonphysiological concentrations of acetate. 13C
NMR analysis of the derived metabolite, 1a (2a),
clearly showed that the entire skeleton was of
polyketide origin. However, the cyanamide reso-
nance could not be found, so its genesis remained
unknown; the region of 110-120 ppmstypical for
cyanamidesscontained no resonances. In this par-
ticular fermentation, approximately equal amounts
of labeled kinamycin D and kinamycin C (5a) were
formed, which is atypical of this organism in the
medium used.

Table 1

Scheme 1
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B. New Metabolites, 15N Labeling, and the
Cyanamide Carbon
Three avenues of inquiry, carried on simulta-

neously, ultimately led to clarification of the pathway
leading to the nominal benzo[b]carbazole skeleton
and the cyanamide carbon. A variety of deuterated
hydroxynaphthalenes and hydroxynaphthoquinones
were synthesized and fed to S. murayamaensis;
however, 2H NMR analysis indicated that none had
been incorporated.9 S. murayamaensis produces
many colored metabolites when grown in a variety
of media. A number of these were isolated and
characterized (6, 7, and 25-27), and structure 25
gave insight into the failure of the naphthalenes to
label kinamycin D. It was recognized that excision

of the two-carbon unit C-5/C-6 of the angular ring,
followed by insertion of nitrogen would yield the
kinamycin skeleton with the observed acetate label-
ing pattern. A deuterated sample, 25a, prepared by
acid-catalyzed exchange, was fed to S. murayamaen-
sis and 2H NMR analysis confirmed that 1b had been
produced.9,29 Compound 25 had previously been
obtained from acid-catalyzed dehydration of rabelo-
mycin, 28, from S. olivaceus,30 and the former had
been named dehydrorabelomycin. It was now shown
to be a precursor to the kinamycins.9
The third avenue was incorporation of a general

nitrogen source enriched in 15N as a way to locate
the nominal cyanamide carbon. A synthetic liquid
mediumwas developed containing ammonium sulfate
as the sole nitrogen source. [15N2]Kinamycin D was
obtained by using (15NH4)2SO4,31 and the 15N NMR
spectrum showed two doublets (J ) 3.4 Hz), in
addition to the signal from the external reference,

H15NO3. The corresponding 13C NMR spectrum
surprisingly now contained a doublet of doublets at
δ 78.5 (J ) 21.2 and 5.4 Hz). Reexamination of 13C
NMR spectra of natural abundance kinamycin
samples showed a very small singlet at this chemical
shift, almost overlapped by the solvent resonance
(CDCl3).
With the nominal cyanamide resonance now rec-

ognized, all typical one-carbon precursors were tested.
None labeled this carbon exclusively, and only
[3-13C]serine and [2-13C]glycine afforded any labeling.
These had been metabolized to labeled acetate 21a
and 21c, respectively. The kinamycin D, 1a, origi-
nally obtained by feeding 21c directly was carefully
hydrolyzed, and the desacetylkinamycin, 7a, reacety-
lated to give the tetraacetate 29a in order to provide
resonances at natural abundance for reference. The
resonance at δ 78.5 was now found to be 1.4%
enriched, similar to the average enrichment for the
ring carbons.31 Separate feedings of 21a and 21b
now provided 1c and 1d, respectively, which clearly
demonstrated the one-carbon unit had originated
from C-2 of acetate. This data, combined with the

almost simultaneous characterization of a purple S.
murayamaensis metabolite as 26 (given the name
prekinamycin),29 led to the hypothesis that the
pathway from dehydrorabelomycin proceeded via
oxidative ring cleavage, nitrogen insertion, and ring
contraction/rearrangement to 26 as shown in Scheme
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2, with benzo[b]phenanthridine(s) (e.g., 30) as key
intermediate(s).31
Although no naturally occurring benzo[b]phenan-

thridines had as yet been observed, the first members
of this new skeletal class appeared in the literature
almost immediately. Phenanthroviridin (31) and its
aglycon 32 were reported by a group at Ciba-Geigy,32
and the jadomycins (e.g., jadomycin A, 33) were
reported by a Canadian group.33,34 Both 32 and the

analogous pyridone 30 were subsequently synthe-
sized (Scheme 3).35,36 Deuterated samples were
prepared and fed to S. murayamaensis, but no
incorporation was observed. No clear conclusions
were drawn, however, because both compounds were
extremely insoluble and the samples fed were recov-
ered essentially quantitatively. Phenanthroviridin
aglycon was subsequently identified in extracts of S.
murayamaensis strain MC2, a mutant blocked in
kinamycin biosynthesis.37

C. Biosynthesis of Benzo[ a]anthraquinones
(Angucyclinones)
The first naturally occurring benza[a]anthraquino-

nes characterized were tetrangomycin (34) and tet-
rangulol (35) produced by S. rimosus NRRL 3016,38
and rabelomycin (28) was reported from S. olivaceus
a few years later, in 1970.30 This group remained a
minor subset of polycyclic aromatic polyketides for a
number of years, but now constitutes the largest
known group of such decaketide metabolites. As a
group, they have been called angucyclinones39 and
isotetracenomycins;40 the first of these has become
the one commonly used, and these were reviewed in
1992.10 Incorporation of labeled acetates has been
reported for vineomycin B41 and for urdamycins A
and B,42 as well as for dehydrorabelomycin. In each

case, the same labeling pattern was observed. Al-
though two different foldings of the decaketide in-

termediate would theoretically be possible, only the
one shown in Scheme 4, route A, seems to be utilized.
In addition, in all cases the C-9 oxygen has been lost,
and in many cases the C-6 has, as well.

D. Synthesis of the Putative Prekinamycin and
Revised Structures for the Kinamycins
Numerous groups43-47 worked toward the synthesis

of theN-cyanobenzo[b]carbazole 26 that was believed
to be prekinamycin.43,44,47 The IR (2237-2245 cm-1)
and 13C NMR (δ 105-108) data for a set of N-
cyanoindoles prepared by Dmitrienko et al.43 agreed
poorly with data from the kinamycins (2119-2170

Scheme 2 Scheme 3

2502 Chemical Reviews, 1997, Vol. 97, No. 7 Gould



cm-1 and δ ∼78, respectively), as did intermediates
in the Echavarren synthesis (δ 115-123).48 These
raised serious concerns about the kinamycin struc-
ture, and this culminated in Echavarren’s synthesis
(Scheme 5),48 which provided 26 with spectroscopic
data that did not match that of the natural product.

1H NMR spectroscopic data had been used exten-
sively by Ohmura et al.4 to identify the substitution
patterns of the naphthoquinone and of the highly
oxygenated D-ring of the kinamycins. However,
these two spin systems were separated by too many
quaternary carbons to be correlated with each other,
even with the long-range heteronuclear spin coupling
NMR experiments developed in recent years. The
unusual cyanamide moiety had been assigned from

the IR absorbance and from detection of ammonia
upon subjecting the kinamycins to hydrolytic condi-
tions.4 The X-ray diffraction study5 of 20 appeared
to confirm these features. Interestingly, a second
incorrect X-ray crystallographic analysis of a kina-
mycin was reported recently.15 Although the nominal
cyanamide carbon 13C NMR resonance was subse-
quently detected ∼30 ppm up field from those of
simple cyanamides, the unusual chemical shift was
attributed to possible electronic effects of the indolo-
quinone.
The C-2/C-3 relative stereochemistry of the kina-

mycins was reported to be trans, and desacetylkina-
mycin was claimed to form the acetonide 36.4 A
nuclear Overhauser effect difference spectrum NMR
experiment (NOEDS) on kinamycin A83016 (kina-
mycin I) supported this.13 However, altersolanol A,
37, has been shown to have the opposite stereo-
chemistry.49-51

A new crystalline derivative of kinamycin D con-
taining a stereogenic center was prepared in order
to resolve these issues. The (+)-R-methylbutyrate 38
was prepared using the acid anhydride and ZnCl2
catalysis, and a single crystal, obtained by diffusion
of water into a DMF solution, was analyzed by X-ray
diffraction.7 The data was solved for the diazo-
substituted benzo[b]fluorene, and for a benzo[b]car-
bazole substituted at nitrogen with either a nitrile
or isonitrile moiety, and this clearly identified the
diazo structure as the correct one. Prekinamycin was
therefore assigned structure 16.

E. Benzo[ b]fluorenes in Kinamycin Biosynthesis
Prior to 1993, naturally occurring benzo[b]fluo-

renes were unknown. Once again, work on kinamy-
cin biosynthesis seemed to catalyze discovery of such
compounds. A set of S. murayamaensis mutants
blocked in kinamycin biosynthesis had been gener-
ated by random mutagenesis.52 A number of these
accumulated additional colored metabolites, and each
of those that were then structurally characterized
was subsequently detected at low levels and/or at
specific time points in fermentations of the wild
strain when grown in selected media.
The first three natural products of the class were

published within months of each other. Shin-ya et

Scheme 4

Scheme 5
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al.53 reported stealthins A and B, 39 and 40, respec-
tively, as free-radical scavengers produced by S.
viridochromogenes. Cone et al.54 reported kinafluo-
renone, 41, the major colored metabolite of S. mu-
rayamaensismutant strain MC2. The quinone form
of kinafluorenone was detected after autooxidation
of extracts and recognized as such by its conversion
back to the hydroquinone in the presence of sodium
dithionite.52 Until the kinamycins were recognized
to be diazobenzo[b]fluorenes, kinafluorenone was
thought to be a “shunt” metabolite derived from an
intermediate before nitrogen insertion. However,
with the correct kinamycin structure it was recog-
nized that kinafluorenone may be removed from the
main pathway by only one step, O-methylation.
These were soon followed by the report of cysfluoretin
(42), an inhibitor of glutathione S-transferase, pro-
duced by an unidentified Streptomyces species.55

Further advances in understanding kinamycin
biosynthesis have relied on the combination of syn-
thesis of potential advanced intermediates, photo-
diode array-detected HPLC, and the set of kinamycin-
negative S. murayamaensis mutants. The mutants
had been selected from survivors of either UV- or
chemical mutagenesis. Selection was based upon
lack of antibiotic activity using agar-disk assays
against B. subtilis ATCC 6633, the lack of apparent
morphological abnormalities, andsin some casessthe
presence of unusual colors of the colonies growing on
agar. Such candidates were then analyzed by TLC
of organic extracts of agar plugs and roughly classi-
fied by the sets of colored metabolites each produced
on a number of agar media. Definitive classifications
were made when photodiode array-detected HPLC
became available. Although most of the colored
metabolites were still of unknown structure, appar-
ent families of metabolites were recognizable from
their UV-vis spectra.
Ironically, the identification of these metabolites

was facilitated by the formation of a minor side
product during the synthesis of the phenanthridine
previously believed to be involved in kinamycin
biosynthesis. Tri-O-methylkinafluorenone (43) was
the first benzo[b]fluorene synthesized36 when it was
obtained as a minor side product in the synthesis of
phenanthroviridin aglycon (Scheme 6). Subsequently,
it was obtained in high yield when DMF was left out
of the reaction.56 Variations of this approach have

led to a shorter, higher yielding route to both 43 and
to derivative 44with the unprotected hydroquinone.57
The remarkable ease with which the hydroquinone
undergoes deprotection was also observed in earlier
studies on the synthesis of the benzo[a]anthraquino-
ne tetrangulol, 35.58 This may be due to distortion
of the ring system from planarity as a result of the
steric crowding between the oxygen substituents at
C-1 and C-10.
The unprotected benzo[b]fluorenone 45, and its

nitroso and amino analogs, 46 and 47, respectively,
have been synthesized as shown in Scheme 7. With
authentic samples available, S. murayamaensis was

Scheme 6

Scheme 7
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examined for their production. Although 45 was not
observed in extracts made from fermentation broths
worked up in standard fashion, it was later detected
between 12 and 24 h after inoculation of a production
broth, but it was no longer detectable by 36 h.59 The
aminobenzo[b]fluorene 47 was detectable in initial
extracts but it was not obtainable from extracts
worked up in standard fashion. A modified, gentler
work up using Sephadex LH-20 chromatography was
successful.57 All three compounds have been pre-
pared with deuterium labels and fed to S. mu-
rayamaensis. Both the ketoneskinobscurinone59sand
the aminesstealthin C57swere specifically incorpo-
rated into kinamycin D.
Hauser’s group60 has reported the first synthesis

of prekinamycin (16), shown in Scheme 8. This
provides an alternative route to dimethylkinob-
scurinone (44). Surprisingly, once again, the IR and
NMR data did not match the metabolite previously
assigned this structure, and its analysis by photo-
diode array-detected HPLC showed it to have both a
different retention time and a different UV-vis
spectrum. However, the latter analysis did identify
the correct S. murayamaensis metabolite for this
structure.61 A deuterated sample was synthesized
and fed to, but was not incorporated into, kinamycin
D.62 However, prekinamycin has proven to be even
less soluble than the benzo[b]phenanthridines de-
scribed above. Other approaches to the synthesis of
fluorenes and benzo[b]fluorenes have recently been
reported.63,64

F. The Endgame: Elaboration of the Kinamycin
D-Ring

One of the first S. murayamaensis cometabolites
characterizedsketoanhydrokinamycin (17)29scon-
tains an epoxyquinol moiety. This moiety, and the
analogous epoxyquinone, are encountered in numer-
ous microbial metabolites. Also, an epoxyquinone is
generated from dihydrovitamin K during its involve-

ment in the carboxylation of glutamate residues of
prothrombin in mammals.65-67 The biosynthesis of
antibiotic LL-C10037R has been shown to proceed via
oxidation of a phenol to a hydroquinone, followed by
epoxidation directly to an epoxyquinone, and then
reduction to the epoxyquinol.68-70 On the basis of this
example, an analogous set of reactions is expected
for the conversion of prekinamycin to ketoanhydro-
kinamycin, as shown in Scheme 9.
The early biosynthetic studies had identified ki-

namycin F (7), as a metabolite of S. murayamaensis,29
and it was apparent that it was the branch point to
the variously acetylated kinamycins and, more re-
cently, those modified with other short chain fatty
acids (Table 1). Kinamycin F is readily prepared by
basic hydrolysis of acetylated kinamycins and has
been used to examine the acetyltransferases of S.
murayamaensis. So far, only the details leading to
kinamycin D have come to light. Cell-free activity
was readily detected for the conversion of 7 to
kinamycin D, and proof of kinamycin E (6) as an
intermediate was obtained in the process (Scheme
10).71 The latter was first obtained as the minor
monoacetate from brief treatment of 2 with base at
ice-bath temperature.31 A partial purification of this
dual acetyltransferase activity (kinamycin acetyl-
transferase I, KAT I) was obtained, and an appar-
ently large (MR >669 kDa), membrane-associated
multifunctional enzyme was described. It was spe-
cific for the formation of kinamycin D. The mem-
brane association, multifunctional nature, and large
apparent size of KAT I are unusual features relative
to other antibiotic acetyltransferases.72-79

Scheme 8 Scheme 9

Scheme 10
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KAT I accounts for two of the five D-ring acetyla-
tion patterns observed in naturally occurring kina-
mycins. The minimum pathway which accounts for
all reported acetylated kinamycins, shown in Scheme
11,71 would require at least two additional KATs.

III. Molecular Genetics of Angucyclinone and
Kinamycin Biosynthesis
As with numerous other aromatic polyketide path-

ways,80 the polyketide synthase (PKS) genes for the
kinamycin pathway, and for four other angucyclinone
pathways have been detected using a fragment of
actI,81,82 the â-ketoacylsynthase gene from the acti-
norhodin pathway of S. coelicolor A2(3), as a probe.
Vining83,84 and Decker85 cloned the PKS genes for the
jadomycin and urdamycin pathways, respectively.
Although an insufficient portion of the total gene
cluster was cloned to afford metabolite production,
in each of these cases gene disruption experiments
demonstrated that the correct genes had been cloned.
By cloning larger fragments of genomic DNA from

S. rimosus NRRL 3016 into S. lividans TK24, het-
erologous production of tetrangomycin (34), tetran-
gulol (35), and of fridamycin E (48) was obtained.86
Using the same approach, sufficient DNA from S.
strain WP 4669 was cloned for heterologous produc-
tion86 of antibiotic PD 116740 (49),87 which is derived
from tetrangulol.88,89

This latter protocol was also used to clone DNA
from S. murayamaensis, although in this case S.
lividans ZX7,90,91 was used, a strain that appears not
to be prone to plasmid homologous recombination.
Although the complete kinamycin pathway was not
captured on a single cosmid insert, sufficient DNA
was cloned for heterologous production92 of interme-
diates as far along as stealthin C.57 In addition to
this metabolite, dehydrorabelomycin and two shunt
metabolites, kinafluorenone54 and seongomycin (50),93
were produced. The latter was the major colored
metabolite of the four transformants that produced
kinamycin-related metabolites.

IV. Other Metabolites of S. murayamaensis
S. murayamaensis has proven to be a rich source

of secondary metabolites from a variety of biosyn-
thetic pathways. A second, and completely indepen-
dent aromatic decaketide, murayaquinone (51) is also
produced in substantial quantity under standard
conditions.94 Its biosynthesis involves a surprising

rearrangement, as shown in Scheme 12.95

A family of metabolites, the notantimycins, 52-
54, was discovered from extracts of S. murayamaen-
sismutant MC2,96 and their biosynthesis includes C6
and C8 fatty acids.97 The structural relationship to
the antimycins (e.g., 55-57) is clear, and the latter
were detected from S. murayamaensismutant MC2,
as well as an antimycin-overproducer, mutant MC13.98
The notantimycins can be viewed as antimycins that

Scheme 11

Scheme 12
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have condensed with a 3-amino-4-hydroxybenzoic
acid (3,4-AHBA) derivative. Both of these families
were subsequently detected at low concentrations in
extracts of the wild strain.
Murayaanthraquinone (58)99 is another minor S.

murayamaensis metabolite with a phenoxazone moi-
ety derived in part from 3,4-AHBA. In this case,
coupling has apparently occurred with 59 (PD
116744100,101) presumably derived from dehydrora-
belomycin, 25, as shown in Scheme 13.
Lastly, 3,4-AHBA also accumulates in fermenta-

tions of S. murayamaensis as the nitrosophenol 60
and its ferrous chelate 61.102 The biosynthesis of 3,4-

AHBA has recently shown it to be the first ami-
nobenzoic acid isomer to be derived from a non-

shikimic acid pathway. It is derived from a four-
carbon unit from the citric acid cycle and a three-
carbon unit from glycolysis (Scheme 14).103 3,4-
AHBA has also been shown to be the precursor to
the C7N moiety found in manumycin and in asuka-
mycin.104

V. Future Directions
Numerous significant mechanistic questions re-

main to be answered. Current efforts continue on
the synthesis of additional putative intermediates
and on the cloning and analysis of the kinamycin
genes. Additional biochemical studies are likely to
wait for enzymes made available from expression of
cloned genes.
It appears that the same novel dioxygenase epoxi-

dizing chemistry found in the LL-C10037R and
MM14201 biosynthetic pathways and in the dihy-
drovitamin K epoxidase/carboxylase reaction is present
in kinamycin biosynthesis (Scheme 9). The synthesis
of the hydroquinone 62 is in progress in order to test
its intermediacy and to provide substrate for the

Scheme 13

Scheme 14

Scheme 15
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putative enzyme. While dehydrorabelomycin is an
early intermediate in the pathway, cleavage of the
angular ring may occur at the quinone or the hyd-
roquinone oxidation state, yielding 63 or 64 respec-
tively (Scheme 15). The former should be the branch
point into the nitrogen heterocycles (e.g., phenan-
throviridins and jadomycins) and the oxygen hetero-
cycles (e.g., gilvocarcins105 and chrysomycin,106 etc.).
The latter should be the immediate precursor to the
benzo[b]fluorene ring. These seco compounds are
also targets in the synthesis program. The source
of the second nitrogen and the mechanism of diazo
formation also present important questions under
study.
Probing the cosmid library from S. murayamaensis

should provide clones that will complete the kina-
mycin gene cluster. In the meantime, the portion
already in hand has been subcloned into four smaller
fragments, and the regions hybridizing to actI and
to actIII (the C-9 ketoreductase of the actinorhodin
pathway82) have been identified. Sequencing the
genes in these subclones has recently started.
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