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the cells with leptin for 1 to 2 hours before
addition of insulin partially reversed the
down-regulating effect of insulin on PEPCK
expression (Fig. 5). This observation is in
contrast with the leptin-induced increase in
PI 3-kinase activity obtained in HepG2 cells.
Furthermore, the kinetics of the effect of
leptin on PEPCK expression excludes its
possible mediation by GRB2. It is therefore
likely that leptin affects PEPCK gene expres-
sion by an as yet unknown pathway. On the
basis of these results, we propose that leptin
may affect gluconeogenesis, at least in the
H4-1I-E cell line, by attenuating the effect of
insulin on the expression of PEPCK.

Several mouse strains that are deficient
in leptin or OB-R serve as models for obe-
sity, insulin resistance, and non-insulin—de-
pendent diabetes mellitus (1, 4, 14). There-
fore, it appears that excess leptin, as well as
a complete absence of leptin, may impair
some insulin responses, although not nec-
essarily by the same mechanism. In the
absence of leptin, other obesity-related fac-
tors may attenuate insulin responses. One
such factor is TNF-a, which is overex-
pressed in adipocytes of obese animals.
TNF-a down-regulates insulin-induced
phosphorylation of IRS-1 and reduces ex-
pression of the insulin-dependent glucose
transporter Glut4 (10, 15).

Tyrosine phosphorylation of IRS-1 by
the IR kinase is a key step in the IR signal-
ing cascade, and GRB2 further mediates
parts of this cascade (8, 16). Therefore, the
leptin-induced dephosphorylation of IRS-1
and its dissociation from GRB2 indicate
that leptin may antagonize some functions
of insulin. Although insulin resistance is
poorly understood, it probably results from a
combination of several factors and process-
es. Our finding that leptin attenuates some
insulin-induced signals in hepatic cell lines,
and the reports of increased serum leptin in
obesity, warrants further studies on the pos-
sible role of leptin in obesity-associated in-
sulin resistance.
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From Peptide Precursors to Oxazole and
Thiazole-Containing Peptide Antibiotics:
Microcin B17 Synthase

Yue-Ming Li, Jill C. Milne, Lara L. Madison, Roberto Kolter,
Christopher T. Walsh*

Esherichia coli microcin B17 is a posttranslationally modified peptide that inhibits bac-
terial DNA gyrase. It contains four oxazole and four thiazole rings and is representative
of a broad class of pharmaceutically important natural products with five-membered
heterocycles derived from peptide precursors. An in vitro assay was developed to detect
heterocycle formation, and an enzyme complex, microcin B17 synthase, was purified and
found to contain three proteins, McbB, McbC, and McbD, that convert 14 residues into
the eight mono- and bisheterocyclic moieties in vitro that confer antibiotic activity on
mature microcin B17. These enzymatic reactions alter the peptide backbone connec-
tivity. The propeptide region of premicrocin is the major recognition determinant for
binding and downstream heterocycle formation by microcin B17 synthase. A general
pathway for the enzymatic biosynthesis of these heterocycles is formulated.

A growing number of peptide-based natu-
ral products have been found to contain
thiazole and oxazole heterocyclic rings and
exhibit significant antifungal, antibiotic,
antitumor, and antiviral biological activi-
ties (1). The five molecules depicted in Fig.
1, bleomycin A,, thiangazole, patellamide
A, pristinamycin 1l ,, and thiostrepton, ex-
emplify the patterns of such heterocycle
occurrence in molecules of therapeutic in-
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terest. The antitumor antibiotic bleomycin
uses the bithiazole moiety to intercalate
into DNA (2). The tandem four-ring struc-
ture of thiangazole including the B-meth-
yloxazoline provides potent antiviral activ-
ity against human immunodeficiency virus
(3). Patellamides, cyclic octapeptides of
marine origin, have antitumor properties
(4). Thiostrepton, a protein synthesis in-
hibitor with four thiazole and one thiazo-
line ring is a signature secondary metabolite
of Streptomycetes (5). Derivatives of pristi-
namycin (for example, RP59500) are cur-
rently in advanced clinical testing for com-
bating vancomycin-resistant Gram-positive
bacterial infections (6). The heterocyclic
rings are likely to arise by cyclization of
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Fig. 1. Structures of bleomycin A,, thiostrepton, thiangazole, pristinamycin Il,, and patellamide A.
Thiazoline (dihydrothiazole) and thiazole rings are shown in red and oxazoline (dihydrooxazole) and

oxazole rings are shown in blue.

peptide precursors; for example, a -Gly-Cys-
dipeptide sequence converted to an amino-
methylthiazoline, then modified to the ami-
nomethylthiazole, and analogously, -Gly-
Ser-converted to aminomethyloxazoline
and modified to aminomethyloxazole.
Until recently little was known about
the molecular genetics or the enzymology of
thiazole and oxazole ring biogenesis. The E.
coli peptide antibiotic microcin B17
(MccB17), which represents a class of DNA
gyrase inhibitors (7) distinct from quino-

Fig. 2. Structure of microcin B17 1
(MccB17) and its maturation path-
way. MccB17 contains four thiazole
(red) and four oxazole (blue) rings
that are derived from the posttrans-
lational modification of Cys (red) and
Ser (blue) residues, respectively.
The mcbA gene encodes a 69-ami-
no acid precursor (pre-MccB17)
that undergoes at least two steps of
posttranslational modification. First, )
the products of the genes mcbB, 1

-C, and -D mediate heterocycle for-
mation to generate pro-MccB17.
Subsequently, the NH,-terminal 26
residues are removed, yielding ma-
ture MccB17. The Met residue at
the NH,-terminus of pre-MccB17

was designated as the first residue in the numbering scheme used in this
study. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys;
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, VGIGGGGGGGGG —N,_~

7 H i
VGIGGGGGGGGG —N. A=

lone or coumarin drugs, contains four thia-
zoles and four oxazoles fashioned from six
glycines, four cysteines, and four serines
present in pre-MccB17 (Fig. 2) (8). These
initial studies of MccB17 have provided
both the genetic and biochemical opportu-
nity to begin decoding the molecular logic
for the construction of both isolated oxazole
and thiazole rings and the 4,2-bishetero-
cycles because the tripeptide sequences
Gly**Ser*®Cys*!' and Gly’*Cys*°Ser®® in
pre-MccB17 yield a 4,2-linked oxazole-thia-
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zole and.a 4,2-thiazole-oxazole, respective-
ly. Analogous to bleomycin, each of the
bisheterocyles could be intercalation moi-
eties involved in the DNA gyrase inhibi-
tion that leads to accumulation of the
cleaved DNA intermediate (7).

The E. coli MccB17 operon has been
characterized by genetic analysis and provi-
sional roles assigned to seven open reading
frames, mcbA, -B, -C, -D, -E, -F, and -G.
The gene mcbA encodes the 69—amino acid
(aa) pre-MccB17 polypeptide. Three genes,
mcbB, -C, and -D, are required for the con-
version of nascent pre-MccB17 to pro-
MccB17 (Fig. 2) (9, 13). The first 26 amino
acids of pro-MccB17 are removed proteo-
lytically to yield the active antibiotic (11,
14), MccB17 (residues 27 through 69), that
is transported out of the producing E. coli
cell by McbE and McbF (12). MccB17 is
then taken up by susceptible cells where
gyrase is the killing target (7). A seventh
gene, mcbG, provides immunity to the
McceB17-producing strain (12).

Purification and characterization of ac-
tive MccB17 synthase complex required the
availability of substrates and a specific assay
for detection of cyclized products from acy-
clic peptide precursors. Prior pulse-chase
studies on the expression and lifetime of
pre-MccB17 revealed very rapid degradation
(15), not unanticipated given the high gly-
cine content including 11 out of 12 residues
at positions 28 through 39 in the McbA
nascent product (Fig. 2). We prepared three
substrates (Fig. 3A): (i) the first 65 codons of
mcbA were fused to B-galactosidase, creating
a fusion protein of 102 kD, McbA-B-Gal,
which has been useful for both in vitro and
in vivo studies (15); (ii) an NH,-terminal
hexa-histidine tag was fused in frame to
mcbA, yielding His,-McbA  (16), which
could be overproduced and affinity purified
from E. coli cell extracts by Ni**-chelate
chromatography; and (iii) a fragment con-

46 56 66 69
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GaNa—N N . Gs?ug
GN e ~
e R i

D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P,
Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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taining the first 46 residues of McbA
[McbA(1-46)] was synthesized, which in-
cluded the putative 26-aa propeptide or lead-
er sequence and the Gly*”Ser*°Cys*! tripep-
tide sequence that is a locus for bishetero-
cycle formation in MccB17 posttranslational
maturation.

To assay these potential substrates we
used a polyclonal antibody that recognizes
mature MccB17 and pro-MccB17, but not
pre-MccB17 (Fig. 2) (14), which we rea-
soned to indicate that this antibody recog-
nized one or more heterocycles as determi-
nants, which was later validated. We fur-
ther determined that this antibody recog-
nizes the bithiazole fragment used in the
synthesis of bleomycin when it is conjugat-
ed to bovine serum albumin (BSA) (17).
When each of the three substrates was in-
cubated with an E. coli extract containing
McbB, -C, and -D, a linear signal was de-
tected by protein immunoblot analysis with
antibodies to MccB17 (anti-MccB17). Data
for the McbA—-B-Gal substrate is shown in

Fig. 3. (A) Representation of fusion proteins and
peptides used as substrates or inhibitors of
MccB17 synthase; C (Cys) and S (Ser) represent
the residues that are posttranslationally modified
to form the heterocycles; thus, McbA(1-46) has
two modifiable residues and McbA(1-26) has
none. McbA-B-Gal was produced and purified as
described (42). McbA(1-46), -(27-69), -(27-46),
and -(1-26) were synthesized with a solid-phase
synthetic strategy (43). The stippled region repre-
sents the propeptide sequence. (B) Time depen-
dence of McbA—-Gal modification by MccB17.
synthase. The reaction mixture contained 150 uM
McbA-B-Gal, 50 mM tris-HCI (pH 7.5), 50 mM
KClI, 2 mM MgCl,, 1 mM CaCl,, 1 mM adenosine
triphosphate (ATP), 1 mM dithiothreitol (DT T), and
cellular protein (3.5 mg/ml) [supernatant of a ly-
sate from ZK4(pPY113) centrifuged at 15,0009].
The reaction was carried out at 37°C and stopped
by adding SDS-polyacrylamide gel electrophore-
sis (PAGE) sample buffer. Samples were analyzed
by SDS-PAGE (7.5% polyacrylamide) followed by

Fig. 3B. The enzymatic activity monitored
by immunoblot required the presence of
each of the three proteins McbB, McbC,
and McbD, as assessed by an in vitro assay
with knockout strains (mcbB~, mcbC ™, and
mebD ™) (18, 19).

Purification of MccB17 synthase from the
antibiotic-producing  strain  ZK4(pPY113)
(14, 20) resulted in a 59-fold increase in
specific activity (21). Starting from 3.6 g of E.
coli soluble protein, we obtained 9.5 mg of the
purified protein with an overall yield of 16%.
Purified MccB17 synthase has a Michaelis
constant K of 2.3 pM for McbA(1-46) and
an estimated catalysis constant k_, of 0.2
min~!, on the basis of formation of both
heterocyclic rings (22).

SDS-PAGE analysis of purified MccB17
synthase revealed three major protein bands
at apparent molecular sizes of 68, 45, and 31
kD (Fig. 4A). NH,-terminal sequencing and
protein immunoblot analysis demonstrated
that the 31-kD band contained two proteins,
McbB (33 kD) and McbC (31 kD), and the

A
McbA-B-Gal

Hisg-MCbA  Histag -7

McbA(1-46) B =
McbA(27-69) [—T T}
AR A )
McbA(27-46) 5]
McbA(1-26)  EoEd
B
Time
(hours) 0 0102051 2 3 4 5 6 11 24
kD
101 » | e BRe
83— » .-
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protein immunobilot analysis. The primary antibody was a polyclonal antibody specific for pro- and
mature MccB17 (74), and the secondary antibody was goat antibody to rabbit immunoglobulin (horse-
radish peroxidase conjugate) (Pierce). The protein immunoblot was developed with the SuperSignal

reagent (Pierce).

Fig. 4. (A) Purified MccB17 synthase. MccB17 syn-
thase was purified as described (44). (B) Co-immu-
noprecipitation of McbB, -C, and -D. The immuno-
precipitates were probed with anti-McbB or anti-
McbC. Lane 1, soluble fraction of ZK4(pPY113) be-
fore immunoprecipitation; lane 2, purified protein
(McbB, upper panel and Hisg-McbC, lower panel);
lane 3, ZK4(pPY113) lysate precipitated with anti-
McbB; lane 4, ZK4(pPY113) lysate precipitated with
anti-McbC; and lane 5, ZK4(pPY113) lysate precipi-
tated by anti-McbD. The three proteins McbB, His,-
McbC, and His,-McbD, were individually overex-
pressed, purified to homogeneity (24), and used for

A B

1 2 3 45

“ Anti-McbB

Probe

1 2 3405

’*- Anti-McbC

antibody production (45). The soluble fraction (105,000g supernatant) of ZK4(pPY113) was separately
incubated with anti-McbB (1:50 dilution), anti-McbC (1:100), and anti-McbD (1:25) at 4°C for 2 hours; then
protein A-Sepharose (Pharmacia) was added and the mixture incubated for 1 hour (45).
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45-kD band was McbD. The NH,-terminal
sequence of the purified proteins showed
that (i) McbB was translated from the sec-
ond potential start site rather than the first
one (13), (ii) the first Met was removed in
McbC, and (iii) the open reading frames for
mcbC and mcbD overlap by 20 bases (13).
The fourth protein, at ~68 kD, had the
sequence of HtpG, an E. coli member of the
Hsp90 heat shock protein family (23).

In a parallel set of experiments we sep-
arately overproduced McbB, Hise-McbC,
and His,-McbD (24), purified each to ho-
mogeneity, and raised monospecific poly-
clonal antibodies with no cross-reactivity to
each other. We used these three antibodies
to confirm that McbB, -C, and -D make up
a MccB17 synthase complex by immuno-
precipitating them from crude extracts of E.
coli ZK4(pPY113). McbB is co-precipitated
with McbC and McbD by anti-McbC or

A

S
~nrGly39Sert0CysA s wmiimm mn\/m—\j\’ o
0

McbA(1—46) (4161.80) Product (4121.80)

4161.4
4120.8
" 0 min
Mvm/
45 min
4050 4100 4150 4200 4250 4300
miz
B
Substrat Substrate Product
ubstr
ate Calc. Meas. Calc. Meas.

McbA(1—46) 4161.80 4160.40 4121.80 4119.80
Hisg-McbA  8046.40 8058.30 7886.40 7888.10

Fig. 5. (A) MS analysis (M + H]*) of the HPLC-
purified products of MccB17 synthase action after
0 min and 45 min (46). The peaks (33% solvent B)
from the 0- and 45-min reactions represent the
starting material [McbA(1-46)] and the final prod-
uct [Mcb(1-46) containing the 4,2-oxazole-thia-
zole moiety], respectively (78). (B) Summary of the
MS analysis of substrates McbA(1-46) and Hisg-
McbA. The reactions with Hisg-McbA as substrate
were carried out as described above for Mcb(1-
46) except that the time points analyzed were O
and 60 min. Hisg-McbA eluted from HPLC at 30%
solvent B. As with Mcb(1-486), MS analysis of the
HPLC peaks for the 0- and 60-min reactions indi-
cate that the peaks represent the starting material
and the final product (Hisg-McbA containing four
oxazoles and four thiazoles), respectively. Calc.,
calculated mass; Meas., measured mass.




anti-McbD (Fig. 4B). McbC is co-precipi-
tated by anti-McbB and anti-McbD. McbD
is not well resolved from the immunoglob-
ulin G bands in such immunoprecipitates.
We do not yet know the stoichiometry of
McbB, -C, and -D in the active MccB17
synthase complex, although enzyme activity
migrates on a size-exclusion column with an
apparent molecular size of ~100 kD, mini-
mally consistent with unitary stoichiometry
of McbB (33 kD), McbC (31 kD), and
McbD (45 kD).

Given that the activity assay to this point
relied on formation of antibody-positive ma-
terial, we sought to define the nature of the
enzymatic modification more precisely. We
turned to both the Hisg-McbA construct
with eight potential sites for heterocycle for-
mation and McbA(1-46), which contains
two modifiable residues Ser*® and Cys*!, but
no others. Both peptides were substrates in
the anti-MccB17 protein immunoblot assays
as described above, but the question arose as
to how many modifications were being in-
troduced in vitro by purified MccB17 syn-
thase. Purified MccB17 synthase was incu-
bated with McbA(1-46) for 45 min, then
subjected to high-performance liquid chro-
matography (HPLC). The product of the
McbA(1-46) peak was recognized by anti-
MccB17. Mass spectrometric (MS) analysis
revealed that the mass of the starting mate-
rial was 4160.4 [calculated mass for
McbA(1-46), 4161.8], and the mass of the
antibody-positive material was 4119.8 (Fig.
5). The 4120 peak was absent from the
controls at zero time or if MccB17 synthase
was omitted from the incubation mix. Con-
version of the Gly**Ser*®Cys*! tripeptide
moiety into the 4,2-oxazole-thiazole resulted
in the loss of 40 mass units for a calculated

A B
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mass of 4121.8, very close to the observed
4119.8 (Fig. 5). Two points are thus estab-
lished. First, anti-MccB17 recognizes hetero-
cycle-containing product, and second, the
tandem bisheterocycle is made from
McbA(1-46), with no accumulation of ei-
ther the monocyclic thiazole or oxazole in-
termediate (calculated mass of 4142) at the
time point examined. The Hiss-McbA con-
struct has all the eight possible sites of het-
erocycle modification for a total decrease in
mass of 8 X 20 = 160 mass units if all sites
are recognized. In the event, incubation of
His,-McbA with purified enzyme complex,
followed by HPLC and initial localization of
the product by protein immunoblot analysis,
gave fractions with mass of 7888.10 (calcu-
lated mass of fully modified product
7886.40), whereas the starting material
(Hisg-McbA) in the absence of enzyme or in
the time zero sample gave 8058.30 (calcu-
lated = 8046.4), for a loss of 170 mass units.
These data demonstrate that purified
MccB17 synthase is able to convert four
serines and four cysteines in premicrocin
(McbA) to the full complement of hetero-
cycles found in the antibiotic.

Given the effective processing of
McbA(1-46) by purified MccB17 synthase,
we prepared the fragment McbA(27-69)
(Fig. 3A) that contains the 43 aa that end
up in the mature, posttranslationally pro-
cessed MccB17 antibiotic. In contrast to
the McbA(1-46) substrate behavior, we
could detect no enzymatic conversion of
McbA(27-69) over a concentration range of
2 to 140 pM, under conditions where we
could easily have detected 5% of the signal
produced with McbA(1-46). We estimate
by k_, /K, (catalytic efficiency) that the 43-

‘cat’

aa fragment, McbA(27-69), is at least 500-

-Gly-Ser-Cys—= —
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to 1000-fold less efficient than McbA(1-
46). Next, we assessed the ability of
McbA(27-69) and also a peptide composed
of residues 27 through 46 [McbA(27-46)] to
block processing of McbA(1-46) and ob-
served no inhibition at 80 pM McbA(27-
69) or McbA(27-46). In contrast, the 26-aa
propeptide, McbA(1-26), inhibited modifi-
cation of McbA(1-46) with an IC,, (medi-
an inhibitory concentration) of 2 uM, essen-
tially the same as the K, for McbA(1-46)
(25). Taken together, these results indicate
that most if not all of the recognition of
substrate by MccB17 synthase is provided by
the leader or propeptide region. This is rem-
iniscent of the eukaryotic vitamin K-depen-
dent carboxylase posttranslational modifica-
tion of the first 10 to 12 glutamyl residues to
y-carboxyglutamates in such zymogens as
factor IX, factor X, and prothrombin (26). In
these proteins an 18-residue propeptide re-
gion, the <y-carboxylase recognition se-
quence, also provides a 1000-fold increase in
affinity for downstream modification of pep-
tide substrates. Recent data concerning the
nisin family of lanthionine polypeptide anti-
biotics also indicate interaction of the
propeptide region with a multimeric lanthi-
onine synthetase complex (27). By analogy,
one or more of the McbB, -C, or -D subunits
may recognize the propeptide(1-26) region
before downstream heterocycle formation
(28).

An initial survey of potential cofactor re-
quirements for MccB17 synthase-mediated
conversion of Ser and Cys residues into ox-
azole and thiazole rings was conducted with
the McbA-B-Gal fusion protein as a sub-
strate. One requirement, apparent from the
protein immunoblot assay, was adenosine
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Fig. 6. (A) Proposed mechanistic scheme for thiazole and oxazole formation in MccB17. Three steps are proposed: cyclization, dehydration, and
dehydrogenation. (B) Common pathway of heterocycle formation and protein splicing and protein autoproteolysis.
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wM. Guanosine triphosphate (GTP) has a
K, of 52 pM, but with one-third the k_,,.
Adenosine-5'-(y-thio)triphosphate  (ATP-
v-S) could also serve as a substrate, but at a
K. (141 pM) 1.6 times that of ATP and
with a 76-fold lower relative k_, for a 122/1
ratio of ATP/ATP-y-S by k_ /K, catalytic
efficiency criterion. The ATP analog aden-
osine diphosphate-CH,-PO;- (AMP-PCP)
is a competitive inhibitor, with an inhibitory
constant K, of 2.3 pM. Analysis with
[y-*’PIATP or [a->’PJATP revealed only
adenosine diphosphate and inorganic phos-
phate (P,) as products. As yet, we cannot
report ATP and heterocycle stoichiometry
because of some contaminant peptide-inde-
pendent adenosine triphosphatase activity.

For each serine or cysteine converted to a
heteroaromatic five-membered ring product
oxazole or thiazole, two electrons are re-
moved. This redox stoichiometry requirement
prompted us to look both for an external
electron acceptor and for some redox-active
cofactor in the MccB17 synthase complex.
One possibility was that nicotinamide ade-
nine dinucleotide (NAD*) or NAD phos-
phate (NADP") might serve as an electron
acceptor in the step converting thiazolines to
thiazoles or oxazolines to oxazoles (Fig. 6A).
However, addition of NAD" or NADP* to
the reaction mixture with purified MccB17
synthase had no effect on the rate of product
formation (18). The most likely terminal elec-
tron acceptor then was O,. Incubations con-
ducted on degassed assay components yielded
a reduction in the rate of protein immuno-
blot—positive  product by  2.1-fold for
MchA(1-46) under conditions where a glu-
cose—glucose oxidase test system had initial
velocity reduced three- to fivefold (29). MS
analysis on the McbA(1-46) assay revealed
no discernible difference between the prod-
uct produced at lowered O, pressure as
compared with normal assay conditions.
More stringent anaerobiosis will be re-
quired to determine a K, for O, and to test
whether any oxazoline and thiazoline spe-
cies form under these conditions.

Although sequence analysis of McbB, -C,
and -D failed to detect any signature motifs
for cofactors (including for ATP or GTP), it
seemed likely that one or more of McbB, -C,
or -D should contain a bound redox-active
metal or conjugated organic coenzyme to
facilitate two-electron oxidation of the pro-
posed thiazoline and oxazoline intermediates
(Fig. 6A). Indeed, overproduced and purified
McbC was yellow and contained a stoichio-
metric amount of tightly but noncovalently
bound FMN (18, 30).

The detection and purification of
MccB17 synthase opens the door for future
deconvolution of several aspects of how
five-membered ring heterocycles are fash-
ioned enzymically from acyclic peptide pre-

1192

cursors, including propeptide recognition,
regioselectivity, processivity, minimal size,
and number of heterocycles for DNA gy-
rase inhibition and antibiotic activity. At
this point, given our results that reveal
elements of the molecular logic for serine-
to-oxazole and cysteine-to-thiazole con-
versions, the mechanistic scheme pro-
posed in Fig. 0A delineates how the
Gly**Ser®®Cys*!  tripeptide moiety  of
MccB17, and specifically in McbA(1-46),
is converted to the aminomethyl bishet-
erocyclic  4,2-oxazole-thiazole, a likely
DNA intercalator for subsequent interac-
tion with a DNA-DNA gyrase complex. In
both serine-to-oxazole and cysteine-to-
thiazole transformation for MccB17, and
most likely for all such peptide-derived
natural products (for example, Fig. 1), we
propose a three-step sequence of cycliza-
tion, net dehydration, and subsequent
two-electron dehydrogenation.

It is tempting, given three proteins,
McbB, -C, and -D, as necessary constituents
in MccB17 synthase action, to assign each
protein one of these three enzymatic func-
tions, but that would be premature. The
cyclization is itself remarkable in likely. geo-
metric requirements, and it is reasonable
that Gly-Ser and Gly-Cys sequences are fa-
vored for cyclization both for lack of steric
bulk in the a-CH, group of the Gly residue
and the Ramachandran angles populated by
Gly-X dipeptides. The initial cyclic adduct is
likely to be disfavored compared with the
acyclic ground state unless the oxyanion
formed from the Gly-Ser carbonyl oxygen
can be diverted. An obvious route would be
enzyme-assisted protonation (X = H™; Fig.
6A). A subsequent dehydration would yield
the oxazoline, now more committed to the
heterocyclic fate. It is conceivable that X is
the y-POJ from ATP, to yield a phosphate
group as —OX, with subsequent elimination
of P, to form oxazoline. This would explain
the ATP requirement and is a speculation
ultimately testable with '8O-label in the
Gly-Ser carbonyl oxygen. It is of note that
the initial oxyanion cyclic adduct from Gly-
Ser (or from Gly-Cys) is probably an inter-
mediate common not only to the peptide-
derived heterocyclic natural products but
also in the pathways of protein autoproteoly-
sis (31, 32) and protein self-splicing reac-
tions (33). Residues Ser, Cys, or Thr are
present at both splice junction sites of such
proteins. Thus, as shown in Fig. 6B, net
O-protonation routes the initial cyclic ad-
duct toward five-ring heterocycle formation,
whereas N-protonation sets the adduct up
for C-N bond cleavage in net peptide bond
fragmentation. The oxoester product can hy-
drolyze by means of acyl transfer to water in
the autoproteolysis sequence, typical of sonic
hedgehog (a Gly-Cys peptide bond is
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cleaved) (32) or the proteosome precursors
(a Gly-Thr peptide bond is cleaved) (31), or
the product can undergo acyl transfer to an
internal Ser or Cys side chain in the self-
splicing sequences, for example, in RecA
(34), Vent DNA polymerase (35), and TFP1
(36). Thus, the Gly-Ser (Gly-Cys) cycliza-
tion route may be rather ancient biochemis-
try with N-protonation as the default path-
way, whereas routing of flux by O-protona-
tion may require specific protein catalysis
(for example, MchB or -D).

Several natural products, including
thiostrepton, thiangazole, and patellamide
(Fig. 1), stop at the dihydroaromatic five-
membered thiazoline or oxazoline ring
stage, presumably because of kinetic re-
lease before aromatization [which is also
the case apparently for biogenesis of
phleomycin, a thiazoline precursor to
bleomycin (37)] or because the biosyn-
thetic enzymes lack a terminal dehydroge-
nase activity. A priori, we reasoned the
loss of two hydrogens and two electrons
would most likely be a proton/hydride de-
saturation and that a flavoprotein desatu-
rase was a catalytic entity to anticipate on
the basis of precedents for acyl coenzyme
A desaturase (38), dihydroorate dehydro-
genase (39), MurB (40), and proline de-
hydrogenase (41), all flavoenzymes. In-
deed, our finding that McbC purifies with
one equivalent of flavin mononucleotide
(FMN) makes it a likely terminal desatu-
rase, predictively funneling the electrons
removed from the B carbon of the oxazo-
line as a hydride ion and then passing
them on to O, as cosubstrate for E-EFMNH,
reoxidations, explaining the requirement
for O, and balancing the redox stoichiom-
etry for each ring formed. We do not yet
know for the eight ring—forming His-
McbA or even in the two ring—forming
McbA(1-46) the kinetic regioselectivity
(that is, Ser before Cys as proposed in Fig.
6A) for ring formation or desaturation.

In sum, the ability to purify the MchB-,
MchC-, and McbD-containing E. coli
MccB17 synthase and the initial findings
on mechanism, propeptide recognition, and
cofactor requirements set the stage for
structure and function studies to analyze the
individual roles of these three proteins and
their counterparts in other such heterocycle
biosynthetic enzymes and to define the
rules for recognition of peptide substrates.
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McbA-B-Gal  was purified from the strain
ZK4(pPY116) with an aminobenzyl 1-thio-B-D-ga-
lactopyranoside-agarose column (Sigma).

All four peptides were purified by HPLC [Bio-Rad
Preparative C18 column, with solvent A: 0.1% triflu-
oroacetic acid (TFA) in water, and solvent B: 0.1%
TFA in acetonitrile] and the structure confirmed by
mass spectrometry. The concentration of the pep-
tides was determined by amino acid analysis.

The ZK4(pPY113) strain was used for purification of
MccB17 synthase. An overnight culture grown in LB
media containing ampicilin (Amp) was diluted 500-fold
in MB3 medium containing Amp and grown at 37°C for
20to 24 hours. The cells were pelleted by centrifugation
(6000g) and lysed with a French pressure cell. The su-
pernatant after 105,000g centrifugation was used for
purification by phenyl-Sepharose, DEAE-Sepharose,
Sephacryl S-200, and MonoQ (Pharmacia). The activity
was monitored by protein immunoblot analysis as de-
scribed in Fig. 8, with McbA-3-Gal as a substrate.
Polyclonal rabbit antibodies to each protein were
generated by East-Acres Biologicals. Protein immu-
noblot analysis shows that the antisera specifically
recognize their antigen and do not cross-react with
other proteins (78). The immunocomplexes were
washed with buffer [50 mM tris-HCI (pH 7.5), 100
mM KCl, 4 mM MgCl,, 2 mM CaCl,] four times and
collected by centrifugation. SDS sample buffer was
added to the complex, and the supernatants were
subjected to protein immunoblot analysis.

Reaction mixtures consisted of 7 uM McbA(1-46), 50
mM tris-HCl (pH 7.5), 50 mM KCI, 2 mM MgCl,, 1 mM
CaCly, 1 mM ATP, 1 mM dithiothreitol, and purified
MccB17 synthase (0.24 mg/ml). The reactions were
carried out at 37°C and stopped by injection onto
HPLC (Vydac C18 column, 300 A, solvent A: 0.1%
TFA in water, and solvent B: 0.09% TFA in acetoni-
trile). McbA(1-46) was eluted around 33% solvent B.
The 0- and 45-min reaction mixtures showed the
same elution patterns, a peak at 33% solvent B and
other protein peaks after >45% solvent B. HPLC
fractions were analyzed by protein immunoblot with
anti-MccB17 and only the peak (33% solvent B) for
the 45-min reaction was antibody-positive (78).
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