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Oxytetracycline (OTC) is a broad-spectrum antibiotic that
acts by inhibitingprotein synthesis in bacteria. It is an important
member of the bacterial aromatic polyketide family, which is a
structurally diverse class of natural products. OTC is synthe-
sized by a type II polyketide synthase that generates the poly-�-
ketone backbone through successive decarboxylative condensa-
tion of malonyl-CoA extender units, followed by modifications
by cyclases, oxygenases, transferases, and additional tailoring
enzymes. Genetic and biochemical studies have illuminated
most of the steps involved in the biosynthesis of OTC, which is
detailed here as a representative case study in type II polyketide
biosynthesis.

Oxytetracycline (OTC)3 is a well studied polyketide natural
product and is an important example of type II polyketide bio-
synthesis. Type II polyketides, also known as bacterial aromatic
polyketides, are a group of compounds produced naturally in
bacteria from a poly-�-ketone intermediate that is tailored to
form a polycyclic product containing at least one aromatic ring
(1, 2). This class of metabolites includes many important bio-
active compounds such as anticancer agents doxorubicin (3)
and mithramycin (4), the antiviral and antifungal pradimicin
(5), and the antibiotic tetracyclines (6). The biosynthetic
machinery responsible for the synthesis of these compounds is
structurally and biochemically similar to that for type II fatty
acid synthases, leading to the classification type II polyketide
synthases.
The discovery of chlortetracycline (CTC) in 1948 by Benja-

min Duggar (7) marks the beginning of the tetracycline family
history. Initially termed Aureomycin for its yellow hue, CTC
was immediately recognized for its remarkable antibiotic prop-
erties and patented byAmericanCyanamid (7, 8). In 1950, A. C.
Finlay with Pfizer published the discovery of a similar antibiotic
produced by Streptomyces rimosus that they named Terramy-
cin (later renamed OTC) (9). Both compounds are broad-spec-
trum antibiotics and inhibit protein synthesis in bacteria by
binding to the 30 S ribosomal subunit (10, 11). Although the
value of these compounds was readily apparent, it was several
more years until the chemical structures were solved by the

Woodward group (12, 13). The tetracyclines are characterized
by a unique C2 amide functionality and the linearly fused tet-
racyclic backbone, which is heavily decorated to yield the
2-naphthacene carboxamide aglycon (Fig. 1). The oxidized
lower periphery of the molecule includes a keto-enol configu-
ration across the C11, C11a, and C12 positions, which is
responsible for chelation of magnesium ion. This invariant fea-
ture and hydroxyl groups at C10 and C12a, which are involved
in hydrogen bonding and the conformation of tetracyclines, are
important for interaction with the 30 S ribosomal subunit (11).
Modifications to the lower periphery, such as those at C1 and
C10–C12a, are detrimental to antibiotic activity (14). In con-
trast, parts of the upper periphery of tetracycline are tolerant of
chemical changes and thus have been the target of semisyn-
thetic modifications (15).
The widespread production and use of natural tetracyclines

in both human and animal medicine in the decades following
their discovery led to emergence of resistance mechanisms and
decreased effectiveness as front-line antibiotics (16, 17). The
severity of bacterial resistance created an urgent need to
develop new tetracycline derivatives capable of evading these
resistance mechanisms. The most clinically valuable second
generation tetracyclines are minocycline and doxycycline.
Doxycycline is produced fromOTC by a process that first con-
verts OTC into methacycline, which is further reacted to form
doxycycline (18, 19). These analogs aremore lipophilic than the
natural products and were shown to be more readily
absorbed (20). The glycylcyclines or so-called third genera-
tion tetracycline analogs were developed recently, with tige-
cycline receiving Food and Drug Administration approval in
2005. Tigecycline is a minocycline derivative and contains a
tert-butylglycylamido group at C9 (21, 22). The modification
results in evasion of both efflux and ribosomal protection
mechanisms of resistance (23), making it a viable choice
against tetracycline-resistant infections.
Since the discovery of OTC in 1950, the biosynthetic path-

way has been probed with the tools available to elucidate the
mechanismof biosynthesis. Early feeding studies demonstrated
the polyketide origin ofOTC (24, 25), and blockedmutant stud-
ies determined much of the biosynthetic sequence and led to
isolation of intermediates and shunt products (26–31). With
advances in molecular biology and genetic techniques and the
sequencing of the OTC gene cluster (6, 32, 33), roles of individ-
ual enzymes in the pathway have been examined. Combining
genetic studies using the natural host S. rimosus and systematic
reconstitution studies in heterologous Streptomyces hosts has
led to the functional assignment of nearly all of the genes in the
oxy cluster (33–35). Additional details of genetic andmetabolic
engineering aspects of tetracyclines can be found in earlier
reviews (36, 37). Here, we review the current knowledge of
OTC biosynthesis.

Biosynthesis of the Amidated Polyketide Backbone

Biosynthesis of the polyketide backbone is catalyzed by the
minimal polyketide synthase (PKS), which includes three
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components, the ketosynthase (KS) or KS�, the chain length
factor (CLF) or KS�, and the acyl carrier protein (ACP). In
the OTC gene cluster, these are encoded by oxyA, oxyB, and
oxyC, respectively (33). Details on the enzymology of the
minimal PKS components have been covered in several
recent reviews (1, 2, 38). Briefly, the KS and CLF, which share
high sequence similarity, associate to form a heterodimer
complex responsible for chain elongation as shown in Fig.
2A. The extender unit malonyl-CoA is transferred to the
ACP by a malonyl-CoA:ACP acyltransferase, which can be
shared with fatty acid biosynthesis (39), to form malonyl-

ACP. The KS-CLF catalyzes C–C
bond formation by Claisen-like
decarboxylative condensation of
incoming malonyl-ACP with the
nascent polyketide chain. The net
result of one such iteration is the
addition of one ketide unit to the
growing polyketide. Chain length
is thought to be controlled by the
CLF subunit, which determines
the size of the polyketide binding
cavity (40, 41).
Starter unit selection is an

important source of chemical
diversity among aromatic poly-
ketides (42), and the inclusion of
an amide starter unit is one of the
hallmarks of tetracycline biosyn-
thesis. The most common starter
unit for minimal PKS is acetate;
however, the tetracycline family
utilizes a malonamate starter unit,
which is the origin of the C2
amide. The enzyme responsible
for the biosynthesis of this unusual
starter unit is the amidotrans-
ferase OxyD. OxyD shares high
homology with ATP-dependent
class II asparagines synthases,
which catalyze the conversion of
aspartate to asparagine using glu-
tamine as the amine donor (43).
OxyD similarly contains an N-ter-
minal nucleophilic cysteine that
has been shown to be responsible
for the hydrolysis of glutamine
amide in Escherichia coli AsnB
(43). OxyD was therefore pro-
posed to catalyze the conversion
of a malonate equivalent to the
corresponding malonamate in an
ATP-dependent fashion. The
exact substrate of OxyD, which
can be either malonyl-S-CoA or
malonyl-S-ACP, has not been
determined due to the inability to
reconstitute OxyD activities in

vitro (33). The two proposed pathways are shown in Fig. 2B.
The role of OxyD in starter unit biosynthesis was confirmed
by coexpression with the minimal PKS OxyABC in a heter-
ologous host and the isolation of WJ85 (4) (Fig. 3) (33). The
presence of the amide in 4 confirms the role of OxyD in
priming the minimal PKS. Coexpression of the C9 ketore-
ductase OxyJ similarly resulted in the biosynthesis of a
reduced amidated polyketide backbone, which spontane-
ously cyclized to afford the isoquinolone WJ35 (6) (33).
Therefore, the oxy minimal PKS and OxyD can be collec-
tively termed the “oxy extended minimal PKS.”

FIGURE 1. A, naturally produced tetracyclines; B, semisynthetic second and third generation tetracyclines;
C, additional naturally occurring type II polyketides referenced in text.

FIGURE 2. A, polyketide elongation by iterative Claisen-like condensation; B, two proposed pathways for bio-
synthesis of the malonamate starter unit by OxyD. MAT, malonyl-CoA:ACP acyltransferase.
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Like many type II PKSs that utilize nonacetate starter units,
the oxy PKS can also be initiated by an acetate primer in the
absence of OxyD. As illustrated first by Khosla and co-workers
(44), the oxy minimal PKS alone synthesizes exclusively acetate-
primed decaketides. In other pathways in which nonacetate
starter units are employed, such as daunorubicin (45), frenoli-
cin (46), R1128 (46, 47), and hedamycin (48, 49), an additional
initiation module has been implicated in starter unit selection.
In the case of frenolicin and R1128, it was further shown that a
dedicated ACP is required for the chain initiation steps and
plays a different role than the ACP utilized by the minimal PKS
for chain elongation (46). The oxy pathway lacks these addi-
tional components, and a complete amidated backbone can be
produced by the extended minimal PKS without additional
enzymes. An enzyme that ensures starter unit fidelity in the
R1128pathway is themalonyl-CoA:ACPacyltransferase homo-
log ZhuC. ZhuCwas shown to have potent thioesterase activity
toward acetyl-ACP. This led to the proposal that the role of
ZhuCwas to selectively hydrolyze the competing acetyl-ACP in
favor of the longer chain acyl-ACP primer units (50). The oxy
cluster contains a ZhuC homolog, OxyP, and there are indica-
tions that it may serve a similar role in suppressing acetate
priming and reducing the level of 2-acetyl-2-decarboxamido-
OTC (ADOTC).4 Reduction of the ADOTC:OTC ratio is desir-

able, as ADOTC has greatly reduced antibiotic activity com-
pared with OTC and is difficult to remove from fermentation
broths (51). Unlike the R1128 pathway, which produces only
acetate-primed polyketides in the absence of the proofreading
activities of ZhuC, the oxy PKS does not require OxyP to incor-
porate the malonamate starter unit. Interestingly, an OxyP
homolog is not found in the CTC gene cluster (52), which fur-
ther indicates that such an enzyme is not essential for tetracy-
cline biosynthesis but rather functions as an accessory enzyme.

Cyclization of the Polyketide Backbone

Because of the reactivity of the nascent poly-�-ketone back-
bone, cyclases are required to suppress spontaneous cycliza-
tions and to promote regioselectivity of intramolecular aldol
condensations. In the absence of cyclases, the KS-CLF and C9
ketoreductase have also been suggested to play key roles in
influencing the folding of the polyketide chain (40, 53, 54).Most
minimal PKSs produce C7–C12 cyclized polyketides as major
products in the absence of additional tailoring enzymes, indi-
cating that the KS-CLFmay promote the regioselectivity of the
first cyclization event (55). Analysis of the crystal structure of
the actinorhodin (act) KS-CLF showed that buckling of the
polyketide chain must occur within the KS-CLF tunnel to
accommodate the full-length polyketide chain. This require-
mentmay position the chain in a configuration that is favorable
for C7–C12 cyclization (40). For many type II polyketides, C94 P. Wang and Y. Tang, unpublished data.

FIGURE 3. Biosynthesis of OTC and reported shunt products.
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ketoreduction is the first tailoring step following the comple-
tion of the polyketide chain by the minimal PKS. Nearly all the
C9 reduced polyketide backbones undergo C7–C12 cyclization
to form the first ring, including that of tetracyclines. The crystal
structure of act ketoreductase (KR)with a bound inhibitor indi-
cated a preference for cyclized substrates (54).
However, these proposed roles forminimal PKS- andC9KR-

controlled C7–C12 cyclization do not apply to the amidated
polyketide backbone synthesized by the oxy extended minimal
PKS. As shown in Fig. 3, the previously mentioned 4 produced
by OxyABCD adopts C11–C16 first ring cyclization, whereas 6
produced byOxyABCDJ is cyclized via C13–C18 aldol conden-
sation (33). The regioselectivities of the first cyclization steps in
4 and 6 were especially surprising considering that acetate-
primed decaketide synthesized by the oxy minimal PKS does
indeed cyclize preferentially via C7–C12. For example, the oxy
minimal PKS alone produces SEK15 (2a) (33, 55), whereas in
the presence of act KR, it produces RM20b/c (2b) (44). There-
fore, the presence of the amidated starter unit may significantly
influence the orientation of the polyketide chain in the active
site of the KS-CLF, as well as that of the C9 KR, to result in the
unexpected cyclization regioselectivities of 4 and 6. Alterna-
tively, whereas the backbonemay be oriented in similar config-
urations, the presence of the amide starter unit somehow sup-
pressed C7–C12 aldol condensation, leading to release of
uncyclized products that rapidly undergo spontaneous cycliza-
tion to yield4 and6. Therefore, in the biosynthesis ofOTC, first
ring cyclase/aromatase is absolutely required for the correct
C7–C12 cyclization and formation of the D-ring.
The OTC first ring cyclase OxyK was first identified by Pet-

kovic et al. (56) as a cyclase/aromatase. Disruption of this gene
resulted in the elimination of all recognizable tetracycline inter-
mediates in themutant culture (56). Zhang et al. (35) later dem-
onstrated the role of OxyK. Heterologous expression of OxyK
with OxyABCDJ in Streptomyces coelicolor CH999 led to the
isolation of WJ78 (8), which contains the aromatized D-ring
with the correct C7–C12 regioselectivity. OxyNwas then iden-
tified as a second ring cyclase based on high sequence similarity
to DpsY in the daunorubicin pathway (57) and MtmY in the
mithramycin pathway (58). Addition of oxyN to the aforemen-
tioned cassette resulted in the production of the linear tetracy-
clic productWJ83T1 (12), which is a spontaneous oxidized ver-
sion of pretetramid (11), as the major metabolite (35). The oxy
gene cluster also encodes an additional putative cyclase, OxyI,
which has sequence homology toMtmX, a putative fourth ring
cyclase in the mithramycin pathway (59). Because the fully
cyclized product 12 was produced upon coexpression with
OxyN, the role of OxyI in the oxy pathway has remained
unclear. Coexpression of oxyI in the heterologous host produc-
ing 12 had no effect on the product profile (35). To further
investigate the basis of the fourth ring cyclization, Zhang et al.
(35) created another construct in which the amidotransferase
OxyDwas removed. CH999 transformedwith a cassette encod-
ing OxyABCJKN produced only the tricyclic desmethylakla-
nonic acid, confirming that the terminal amide may influence
the cyclization of the A-ring en route to 12.
The recently sequenced gene cluster responsible for biosyn-

thesis of the tetracycline-like compoundSF2575 allowed recon-

stitution of the cyclization events in this pathway as well (61).
The second ring cyclase in the ssf pathway, SsfY2, has low
homology to OxyN while bearing strong homology to second
ring cyclases from benzoisochromanequinone pathways such
as Gra-ORF33 (60). Also present in the ssf gene cluster is an
OxyI homolog, SsfY4, which was also determined to be unnec-
essary for cyclization of the tetracyclic scaffold, confirming the
result seen with OxyI. More importantly, a putative acyl-CoA
ligase, SsfL2, was required to produce the tetracyclic interme-
diate 12 in a heterologous host (61). A possible role of SsfL2
may be to catalyze the Claisen-like cyclization between C1 and
C18 of hydrolyzed tricyclic anthracene carboxylic acids in a
CoA-dependent fashion. SsfL2 has homologs in other pathways
that produce tetracycline-like compounds, includingOTC (33),
CTC (52), mithramycin (58), and the recently sequenced
polyketomycin (62) gene clusters. The oxy homolog OxyH was
shown, however, to be dispensable by knock-out studies.4
Therefore, the exact mechanism for fourth ring cyclization in
this system is not yet completely understood.

Formation of Anhydrotetracycline

The heavily decorated cyclohexenone A-ring of tetracyclines
possesses unique structural features not observed among other
aromatic polyketides. These functional groups, which are
essential for the antibiotic properties of tetracyclines, include
theC2primary amide, C4 dimethylamine, and theC12a tertiary
alcohol. One of the most important intermediates in the trans-
formation of pretetramid toOTC is anhydrotetracycline (ATC;
20). ATC is the first intermediate in the biosynthetic pathway
to contain the fully functionalized A-ring. Recent studies by
Zhang et al. (34) have identified and characterized the minimal
set of enzymes required for the formation of 20.
The first tailoring step following cyclization is C6 methyla-

tion. OxyF was identified in the gene cluster as one of two
S-adenosylmethionine-dependent methyltransferases and was
shown to be responsible for C6 methylation by reconstitution
in a heterologous host. Inclusion of the gene encoding OxyF in
the aforementioned construct producing pretetramid resulted
in the production of the known intermediate 6-methylpretet-
ramid (13), which was spontaneously oxidized to WJ119 (14)
(35). The methylation of C6, which is located in the lower
periphery of OTC, has been known to be dispensable for the
subsequent transformations by downstream enzymes (28).
Accordingly, removal of OxyF from the heterologous host that
produced 20 led to the biosynthesis of 6-demethyl-ATC (34).
Following C6 methylation, 6-methylpretetramid is con-

verted to 4-keto-ATC (17) via double hydroxylation of the
A-ring. A total of five putative oxygenases were present in the
oxy gene cluster, and systematic reconstitution studies identi-
fied OxyL as the NADPH-dependent oxygenase required to
produce 17 via hydroxylation of the C4 and C12a positions.
Under in vivo conditions, 17 readily rearranged through
intramolecular rearrangement of the B-ring and two tandem
retro-Claisen cleavages to yield the observed degradation prod-
uct WJ135 (18) (34, 63). The hydroxylation activities of OxyL
were confirmed in vitro, as addition of purified OxyL to 13
produced a short-lived product identified as 17. A subsequent
report by Wang et al. (64) indicated that OxyE, another FAD-
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dependent oxygenase, is aC4 hydroxylase and plays an ancillary
role in this key dihydroxylation step that converts 13 to 17.
Although OxyL can perform the dihydroxylation of C12a and
C4 alone, the presence of OxyE significantly increases the titer
of OTC, likely by increasing the rate of this key tailoring step
(Fig. 3). Coexpression of OxyE with enzymes that produced 13
in a heterologous host led to the biosynthesis of JX11 (16),
whereas inactivation of oxyE in S. rimosus led to the accumula-
tion of shunt products that arose via spontaneous oxidation of
13.The ancillary role ofOxyE toOxyL is similar to the activities
of homologs observed in the polyketomycin pathway. In this
pathway, Daum et al. (62) proposed the C4 hydroxylation cat-
alyzed by theOxyEhomolog PokO1 can also be catalyzed by the
OxyL homolog PokO2, which also performs the C4 and C12a
hydroxylations.
OxyQ has high sequence homology to the pyridoxal 5�-

phosphate-dependent aspartate aminotransferases (65). As a
member of this family, OxyQ was predicted to catalyze the
transamination of the �-amino group from a donor amino acid
to the C4 ketone of 17 to form 19. Indeed, upon expression of a
cassette encoding OxyABCDJKNLQ in CH999, 19 was shown
to accumulate in the fermentation broth (34). The amino acid
donor of OxyQ has not been established because a soluble ver-
sion of recombinant OxyQ has not been obtained so far.
Addition of the gene encoding OxyT completed the ATC-

producing cassette, and these 10 enzymes were shown to be the
minimal set of enzymes required for the biosynthesis of 20 in a
heterologous host (34). OxyT was further characterized by in
vitro assays using 19 as a substrate and S-adenosylmethionine
as a methyl donor. The in vitro assay revealed that a monom-
ethylated intermediate can be detected after short reaction
times. Full conversion of 19 to 20was observed after prolonged
reaction times (34).

Formation of OTC

The remaining steps in OTC biosynthesis have not been het-
erologously reconstituted in vivo; however, in vitro assays and
blockedmutant studies have shed light on the tailoring of 20 to
OTC. The next step following formation of 20 is hydroxylation
of C6. AnATCoxygenase has been purified and studied in vitro
for both the CTC (66) and OTC (67, 68) pathways. In both
cases, the ATC oxygenase was identified as a monooxygenase
catalyzing the conversion of20 to21 in the presence ofNADPH
and atmospheric oxygen. Pointmutation studies by Peric-Con-
cha et al. (68) showed that mutation of the essential glycine
residues of the NADPH-binding site eliminated activity of
OtcC (also named OxyS) when expressed heterologously in
E. coli. Interestingly, when this putatively inactive mutant gene
was transformed into an oxyS null mutant strain, the C6
hydroxylation activity was restored, resulting in production of
OTC (68). The authors proposed that this surprising resultmay
be caused by an additional hydroxylase thatmay also have some
activity toward the C6 position, similar to the ancillary role of
OxyE to OxyL. However, in this case, the OxyS mutant is
needed for hydroxylation, perhaps serving as a structural part-
ner to the unidentified hydroxylase.
The enzymatic basis of the C5 hydroxylation step unique to

the OTC pathway has yet to be resolved. Of the five putative

oxygenases found in the OTC gene cluster, OxyR and OxyG
have not been assigned biosynthetic functions. Sequence
homology placesOxyRwithin the pyridoxine 5�-phosphate oxi-
dase-like protein family, which also includes ActVA-ORF2, an
unassigned protein from the actinorhodin gene cluster (69). On
the other hand, OxyG is predicted to be a small quinone-form-
ing monooxygenase with homology to enzymes found in sev-
eral other polyketide clusters such as mithramycin (70), aklavi-
none (71), and polyketomycin (62). AknXwas shown in vitro to
catalyze the quinone-forming reaction converting emodin
anthrone to emodin, leading the authors to believe that it cata-
lyzes the parallel reaction in the conversion of aklanonic acid
anthrone to aklanonic acid (71). In the case of mithramycin,
however, inactivation of the OxyG homolog MtmOIII was
shown to have no effect on mithramycin production (72).
The potential quinone-forming activities of OxyG homologs
led to initial speculation that it may be involved in the for-
mation of 17; however, as described above, OxyL (with the
help of OxyE) has been shown to be sufficient for catalysis of
this step. This does not eliminate, however, the possibility of
an auxiliary role of OxyG such as that shown for OxyE (64).
An interesting aspect of the C5 hydroxylation is that because
it is a step unique to OTC biosynthesis, one would expect the
gene responsible to be absent from the CTC gene cluster,
much as the CTC C7 halogenase (73) is absent from the OTC
gene cluster. A comparison of the two gene clusters reveals,
however, that each of the five oxygenases in the oxy cluster
has a homolog in the CTC gene cluster (33, 52). It is possible
that the enzyme responsible for C5 hydroxylation is present
in both gene clusters but is inactive toward a chlorinated
intermediate in the CTC pathway. Alternatively, the enzyme
responsible for this step in the CTC gene cluster contains an
inactivating mutation. For additional comparison, the ssf
gene cluster contains only two oxygenases, an OxyS homo-
log, SsfO1, and an OxyL homolog, SsfO2 (33, 61). Therefore,
the role of the two additional oxygenases and the enzymatic
basis of the C5 hydroxyl remain an unsolved mystery of OTC
biosynthesis.
The final step in OTC biosynthesis is the reduction of the

C5a–C11a double bond in 22. Nakano et al. (74) identified a
gene from Streptomyces aureofaciens that was shown to be
responsible for this last step in the biosynthesis of CTC. This
gene, encoding TchA, was mapped outside of the previously
sequenced CTC gene cluster. TchA requires 7,8-dedimethyl-8-
hydroxy-5-deazariboflavin as a cofactor (74), which explains
why mutants blocked in 7,8-dedimethyl-8-hydroxy-5-deazari-
boflavin biosynthesis, previously referred to as cosynthetic fac-
tor I, were also blocked in this final reduction step (31, 75). In
the oxy pathway, there is no clear enzyme candidate thatmay be
associated with this step. Therefore, the reductase may simi-
larly be encoded elsewhere on the genome. In a study by Binnie
et al. (75), the 34-kb region containing the oxy gene cluster and
the immediate flanking regions were transformed into Strepto-
myces lividans and Streptomyces albus. Both recombinant
strains were shown to be positive in OTC production, which
suggests that the gene cluster contained all the enzymes
required for OTC biosynthesis. If any genes involved in OTC
production are indeed located outside the known gene cluster,
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they are perhaps widely found in Streptomyces strains and not
specific to tetracycline biosynthesis. Most recently, Boddy and
co-workers (76) demonstrated heterologous production of
OTC inMyxococcus xanthus by inserting a construct contain-
ing the gene cluster shown in Fig. 4 into the host genome. This
further reinforces the proposal that all the genes required to
produce OTC in a prokaryote host are indeed located on this
cluster.

Regulatory and Resistance Genes

Apart from biosynthetic genes, antibiotic producers must
carry self-resistance genes to protect the host strain. The
most common mechanisms of providing tetracycline resist-
ance are through efflux proteins and ribosomal protection
(17). The oxy gene cluster contains two proteins involved in
tetracycline resistance, OtrA and OtrB, which are 34 kb
apart and flank the biosynthetic gene cluster (77, 78). Clon-
ing and characterization of TetA (analogous to OtrA) by
Ohnuki et al. (79) indicated that it was involved in a riboso-
mal protection mechanism of resistance. This was further
confirmed by Doyle et al. (80), who also demonstrated
sequence similarity between OtrA and TetM. TetM has been
shown to bind noncovalently to the ribosome and promote
removal of tetracycline (81, 82). On the other hand, OtrB was
shown to be a membrane-bound protein responsible for
reduced accumulation of tetracycline in the cell (79, 83). The
gene encoding OtrB lies with opposite polarity to the gene
encoding the regulatory protein OxyTA1 in a similar fashion
as the tetR/tetA pair, in which TetR negatively regulates
expression of the efflux protein TetA (84). Sequence com-
parison places OxyTA1 closer to the MarR family of tran-
scriptional regulators, which are known to repress expres-
sion of resistance genes in the absence of the inducer (85).
Interestingly, the oxy cluster does not encode a transcrip-
tional activator such as the SARP (Streptomyces antibiotic
regulatory protein) family proteins found in many antibiotic
gene clusters, including the CTC cluster (86). Recently, how-
ever, a LuxR family transcriptional activator, OtcG, has been
identified by Lešnik et al. (87) to be encoded just outside of
otrA. Inactivation of otcG resulted in a decrease in produc-
tion of OTC, indicating that it is a positive regulator of OTC
biosynthesis (87).

Conclusions

Elucidation of the biosynthetic pathway of OTC has contrib-
uted to our knowledge of type II polyketide biosynthesis and
illuminated aspects unique to this pathway, such as the biosyn-
thesis of the unusual malonamate starter unit and its effect on
downstream enzymatic steps. The tetracycline scaffold has
been a valuable inspiration formedicinal chemists, and tetracy-
cline derivatives still play an important role in treating bacterial

infections. Identification of the role
of individual enzymes in the path-
way is another step forward toward
rational engineering of new com-
pounds. Characterization of addi-
tional tetracycline and polyketide
pathways will further aid our under-

standing of the remaining questions regarding this pathway and
enhance our ability to engineer new compounds.
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