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Abstract: The enediyne antitumor antibiotic maduropeptin (MDP)
is produced by Actinomadura madurae ATCC 39144. The bio-
synthetic pathway for the 3,6-dimethylsalicylic acid moiety of the
MDP chromophore is proposed to be comprised of four enzymes:
MdpB, MdpB1, MdpB2, and MdpB3. Based on the previously
characterized biosynthesis of the naphthoic acid moiety of
neocarzinostatin (NCS), we expected a biosynthetic pathway
featuring carboxylic acid activation by the MdpB2 CoA ligase
immediately before its coupling to an enediyne core intermediate.
Surprisingly, the MDP aromatic acid biosynthetic pathway em-
ploys an unusual logic in which MdpB2-catalyzed CoA activation
occurs before MdpB1-catalyzed C-methylation, demonstrating
that MdpB1 is apparently unique in its ability to C-methylate a
CoA-tethered aromatic acid. MdpB2 is a promiscuous CoA ligase
capable of activating a variety of salicylic acid analogues, a
property that could be potentially exploited to engineer MDP
analogues.

The enediyne natural products are potent antitumor antibiotics.*
They share acommon unprecedented structural feature, an enediyne
core containing two acetylenic groups conjugated by a double bond
or incipient double bond (Figure 1A), that imparts cytotoxicity via
unique mechanisms of DNA damage.? Recent progress in elucidat-
ing enediyne biosynthesis® has enabled rational engineering of new
analogues with atered activities.* For example, manipulations of
the C-1027 (1, Figure 1A) biosynthetic pathway produced anal ogues
with DNA interstrand cross-linking activity, a property that could
be exploited to target hypoxic tumors.*

The successful design of C-1027 analogues inspires parallel
efforts to manipulate the neocarzinostatin (NCS, 2, Figure 1A)
biosynthetic pathway for novel analogues. The naphthoic acid
moiety of 2 is proposed to arise by the activities of the NcsB
iterative type | polyketide synthase (PK S),® the NcsB3 hydroxylase,
and the NcsB1 O-methyltransferase.® The NcsB2 CoA ligase finally
activates the resultant naphthoic acid as a CoA thioester,” setting
the stage for its coupling to the enediyne core, catalyzed by the
NcsB4 acyltransferase®” (Figure 1B). Significantly, both NcsB1
and NcsB2 exhibit broad substrate promiscuity, a property that can
be exploited to engineer NCS analogues.®”

Maduropeptin (MDP, 3, Figure 1A)® also contains an aromatic
acid moiety, a 3,6-dimethylsalicylic acid (4) whose construction
might be targeted to engineer analogues. We recently cloned and
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Figure 1. Selected enediynes and biosynthesis of the aromatic acid
moieties: (A) the enediyne chromophores of C-1027 (1), NCS (2), and MDP
(3) with the aromatic acid moieties highlighted in red; (B) biosynthesis of
the naphthoic acid moiety of 2; and (C) early and (D) revised biosynthesis
of the salicylyl moiety of 3.

characterized the MDP biosynthetic gene cluster.® Parallel to that
of the NCS naphthoic acid,®” the biosynthesis of 4 was proposed
to be catalyzed by the MdpB iterative type | PKS and the MdpB1
C-methyl transferase; the MdpB2 CoA ligase then activated 4 as a
CoA thioester (5) prior to its coupling to the enediyne core
intermediate, catalyzed by the MdpB3 acyltransferase (Figure 1C).2
We were therefore inspired to study MdpB1 and MdpB2 with the
hope that, like NcsB1 and NcsB2, similar substrate promiscuity
may be uncovered and exploited to engineer MDP analogues. Here
we report the surprising finding that MdpB2 acts before MdpB1,
leading to a revised pathway for the biosynthesis of the salicylyl
moiety of 3 (Figure 1D). Moreover, we demonstrate that MdpB2
is a promiscuous CoA ligase capable of activating a variety of
sdlicylic acids.

We first attempted to characterize MdpB1 as a C-methyltrans-
ferase with 6-methylsalicylic acid (6) as a substrate in vitro.° MdpB1
was overproduced in E. coli and purified to homogeneity (Figure
S1), and 6 was synthesized.® Unexpectedly, MdpB1, under all
conditions examined, was unable to methylate 6 in the presence of
S-adenosyl-L-methionine (SAM) to yield the predicted product 4
(Figure 1C), suggesting that the proposed pathway should be
revised.

10.1021/ja1050814 © 2010 American Chemical Society
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Figure 2. HPLC analysis of MdpB2- and MdpB1-catalyzed sequential
conversion of 6 (O) to 5 (®): (A) MdpB2-catalyzed conversion of 6 (O) to
7 (@) (1) and control without enzyme (I1) and (B) authentic standards of 7
(®) and 4 (V) (1) and time course of MdpB1-catalyzed conversion of 7 (@)
to 5 (®) and its degradation product 4 (v) upon 1.5 h (Il) and 4.5 h (l11)
incubation.

We next overproduced MdpB2 in E. coli and purified it to
homogeneity (Figure S1) to examine the predicted CoA ligase
activity in vitro. Upon incubation of 6 with MdpB2 in the presence
of ATP and CoA, a new product was detected by HPLC analysis
(Figure 2A) and identified as the corresponding CoA thioester 7.°
This suggested that MdpB2 may act, before MdpB1, on 6 as
depicted in Figure 1D.

We then chemically synthesized 4° and compared the steady-
state kinetic parameters of MdpB2 toward 4 (Figure 1C) and 6
(Figure 1D) to differentiate the two pathways. CoA ligase catalysis
occurs in two steps: (i) ATP-dependent activation of carboxylic
acids as acyl-AMPs and (ii) addition of CoA to the acyl-AMP to
generate the acyl-CoA product. Although the rate-limiting step of
the MdpB2 reaction is unknown, we probed adenylation specificity
using the ATP-[3?P] pyrophosphate exchange assay, which has been
widely used for characterizing the substrate specificities of adeny-
lating enzymes.™® Although 4 was aso converted to its CoA
thioester 5, whose identity was verified by HPLC analysis (Figure
S3A) and high resolution mass spectrometry (HRMS),° MdpB2
apparently prefers 6 (ke of 2.3 min~t and Ky of 0.041 uM) over
4 (kg of 0.59 min~t and Ky of 2.1 uM) (Table 1 and Figure S2).
The 200-fold higher specificity (ka/Ky) of MdpB2 for 6 over 4
supports the proposed pathway in Figure 1D, implying that MdpB1
C-methylates the CoA activated 7 rather than the free acid 6 as a
substrate.

The kinetic insight from MdpB2 prompted re-evaluation of
MdpB1 in light of the pathway proposed in Figure 1D. Incubation
of MdpB1 with 7 and SAM yielded two products in a time-
dependent fashion upon HPLC analysis (Figure 2B). One was the
expected product 5,° and the other product was identified as 4,
indicating that 5 was not stable under the assay conditions. These
results corroborate the revised pathway of Figure 1D and highlight
its unusual biosynthetic logic of CoA-activation one step earlier
than chemically necessary and demonstrate that MdpB1l is a
C-methyltransferase specific for a CoA-tethered aromatic substrate.

Finaly we characterized MdpB2 substrate promiscuity and
observed a requirement for the ortho-hydroxy and carboxylate
groups of the aromatic acid substrate. As summarized in Table 1,

Table 1. Kinetic Parameters of MdpB2 towards Aromatic
Substrates Featuring 1,2-Hydroxy Acid Functionality (highlighted in
red)
6 (Ry=0H,R; = H, Ry =CHy)
OxOH - Oa,AMP 4(R.=OH R.=R, B 9
8(R1=OH, Ry =H, Ry = H)
Ry 770 Ryry™ | swi-oH R =Gl Ri=H)
s ek 10(R1=Rz=Ry=H)
Rs Ry 11 (Ry =Ry =H, Ry =CHy)

Substrate Ky (uM) Keat (Min~") rel Kead/Kiy
6 0.041 + 0.005 2.32 + 0.06 1
4 21403 0.59 + 0.02 0.0049
8 0.23 + 0.05 0.90 + 0.03 0.069
9 12+02 0.86 + 0.04 0.013
10 >0.00422
11 >0.00132

aVaues represent specific activities a 100 uM substrate
concentration.

MdpB2 can aso utilize salicylic acid (8) and its 3-methyl derivative
(9), in addition to 4, as a substrate, albeit with 15-, 80-, and 200-
fold lower specificities than 6, respectively (Figure S2). In contrast,
MdpB2 barely recognized benzoic acid (10) and its methyl
derivative (11) as substrates, exhibiting specific activities of only
0.25 and 0.08 h™%, respectively, at substrate concentrations of 100
uM. Although the kinetic analyses were based on the ATP-
[32P]pyrophosphate exchange assays,® formation of the correspond-
ing CoA thioester product was confirmed in all cases by HPLC
(Figure S3) and HRMS.® In contrast to other aryl-CoA ligases such
as NesB27 or SsfL1,** MdpB2 is apparently more specific for the
1,2-hydroxy acid functionality, reminiscent of that reported for the
NcsB1 O-methyltransferase.®

In summary, this study characterizes anovel C-methyltransferase
that acts on a CoA-tethered aromatic substrate in natural product
biosynthesis. Relatively few C-methyltransferases act on aromatic
substrates in natural product biosynthesis.** Notably, polyketomycin
(POK) also possesses the 4 moiety (Figure S4A) and the POK
biosynthetic gene cluster predicts proteins with high sequence
identities (65—73%) to MdpB (PokM1), MdpB1 (PokMT1), and
MdpB2 (PokM3) (Figure S4B).*? Indeed, a ApokMT1 strain
produced a 6-containing POK analogue, confirming POkKMT1 as a
C-methyltransferase (Figure S4A). Our present in vitro work using
purified MdpB1 sets the stage to further characterize this unusual
enzyme capable of C-methylating a CoA-tethered aromatic sub-
strate. To our knowledge, only an O-methyltransferase acting on
caffeoyl-CoA has been described to date.™® Although the signifi-
cance of the unusua biosynthetic logic is unclear, MdpB1 may
represent an emerging class of C-methyltransferases exploitable for
tailoring CoA thioester-tethered intermediates in natural product
biosynthetic pathways.
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