
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-II-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 dephosphoryration 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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terest. The antitumor antibiotic bleomycin 
uses the bithiazole moiety to intercalate 
into DNA (2). The tandem four-ring struc
ture of thiangazole including the (3-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 

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 coll 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. 
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Thiangazole 

1 s  , n--cn. 
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Bleomycin A2 Thiostrepton 

Patellamide A 

Fig. 1. Structures of bleomycin 4, thiostrepton, thiangazole, pristinamycin II,, 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- 
methvlthiazoline. then modified to the ami- 
nomethylthiazole, and analogously, -Gly- 
Ser-converted to aminomethvloxazoline 
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- 

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 
Gly39Ser40Cys41 and Gly54Cys55Ser56 in 
pre-MccB17 yield a 4,2-linked oxazole-thia- 

Fig. 2. Structure of microcin B17 
(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 Cvs (red) and 

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 (1 1 ,  
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 
MccB17-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 $-galactosidase, creating 
a fusion protein of 102 kD, McbA-$-Gal, 
which has been useful for both in vitro and 
in vivo studies (15); (ii) an NH2-terminal 
hexa-histidine tag was fused in frame to 
mcbA, yielding His6-McbA (16), which 
could be overproduced and affinity purified 
from E. coli cell extracts by Ni2+-chelate 
chromatography; and (iii) a fragment con- 

1 26 27 36 48  56 66 69 
MELKASEFGWLSVDAMLSRQSPLG VGIGGGGGGG GGGSCGGQGG GCGGCSNGCS GGNOOSGQSG SHI 

, ~ ,  

Ser (blue) residues, respectively. 
The mcbA gene encodes a 69-ami- 27 0- 

"LmGG--4Arr,- fec-k... - +&3+>,, S~,.-+-NJ~U~J&~' o 
O 

\ no acid precursor (pre-MccB17) o o o o 
that undergoes at least two steps of 
posttranslational modification. First, Pro-MccB17 
the products of the genes mcbB, I 

-C, and -D mediate heterocycle for- 
mation to generate p ro -~cc~17 .  
subsequently, the NH,-terminal 26 27 
residues are removed, yielding ma- ~ 4 ~ ~ ~ ~ & ~ ~ ~ V  

0 ture MccB17. The Met residue at 6 0 u 

the NH,-terminus of pre-MccB17 MccB17 
was designated as the first residue in the numbering scheme used in this D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, 
study. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; Pro; Q, Gln; 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(l-46)] was synthesized, which in- 
cluded the putative 26-aa propeptide or lead- 
er sequence and the Gly'%er4~ys41 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 Inore 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) (1 7). 
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-P-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-p-Gal was produced and purified as 
described (42). McbA(1-46), -(27-69), -(27-46), 
and -(I -26) were synthesized with a solid-phase 
synthetic strategy (43). The stippled region repre- 
sents the propeptide sequence. (B) Time depen- 
dence of McbA-p-Gal modification by MccB17. 
synthase. The reaction mixture contained 150 WM 

Fig. 3B. The enzymatic activity monitored 
by iininunoblot required the presence of 
each of the three proteins McbB, McbC, 
and MchD, as assessed by an in vitro assay 
with knockout strains (mcbB-, mcbC-, and 
mcbD-) (18, 19). 

Purification of MccB17 synthase from the 
antibiotic-producing strain ZK4(pPY 113) 
(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 FM for McbA(1-46) and 
an estimated catalysis constant kc,, of 0.2 
min-I, 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 irnmunoblot analysis demonstrated 
that the 31-kD band contained two proteins, 
McbB (33 kD) and McbC (31 kD), and the 

MC~A-a-~a l ,  50 mM tris-HCI (pH 7.5), 50 AM m-. 
I ime 

KCI, 2 mM MgCI,, 1 mM CaCI,, 1 mM adenosine (hours, O.l 0,5 11 24 
tr~phosphate (ATP), 1 mM d~th~othre~tol (DTT), and , , .- -- - --- .- 

nu 
cellular protein (3.5 mg/ml) [supernatant of a ly- lol - 
sate from ZK4(pPY113) centrifuged at 15,000gl. 
The reaction was carried out at 37°C and stopped 83- 

by adding SDS-polyacrylamide gel electrophore- 
sis (PAGE) sample buffer. Samples were analyzed 5l - - 
by SDS-PAGE (7.5% polyacrylamide) followed by 
protein immunoblot analysis. The primary antibody was a polyclonal antlbody specific for pro- and 
mature MccB17 (14), 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- A 
thase was purified as described (44). (6) Co-irnmu- 

B 

noprecipitation of McbB, -C, and -D. The immuno- kD -4 1 2 3 4 5 Probe 
precipitates were probed with anti-McbB or anti- 97- -POC--ve - 
McbC. Lane 1, soluble fraction of ZK4(pPY113) be- 66 - - - + HtpG Anti-McbB 

fore irnmunoprecipitation; lane 2, purified protein 
(McbB, upper panel and His,-McbC, lower panel); 45 - + M C ~ D  
lane 3, ZK4(pPYll3) lysate precipitated with anti- 
McbB; lane 4,ZK4(pPY113) lysate precipitated with 31 - - ". + M C ~ B  

1 2 3 4 5  

anti-McbC; and lane 5, ZK4(pPY113) lysate precipi- McbC Anti-McbC 
tated by anti-McbD. The three proteins McbB, His,- 22 - 
McbC, and His,-McbD, were individually overex- -- 
pressed, purified to homogeneity (24), and used for 
antibody production (45). The soluble fraction (105,000g supernatant) of ZK4(pPY113) was separately 
incubated with anti-McbB (1 : 50 dilution), anti-McbC (1 : 1 OO), and anti-McbD (1 : 25) at 4'C for 2 hours; then 
protein A-Sepharose (Pharrnacia) was added and the mixture incubated for 1 hour (45). 

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 
mcM: 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, His6-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(pPY 113). McbB is co-precipitated 
with McbC and McbD by anti-McbC or 

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

i 

4120.8 

0 min 

Substrate Product 
Substrate Calc. Meas. Calc. Meas. 

-- 

Fig. 5. (A) MS analysis ([M + HI+) of the HPLC- 
purlfied products of MccBl7 synthase action after 
0 min and 45 mln (46). The peaks (33% solvent B) 
from the 0- and 45-min reactions represent the 
starting material [McbA(l-46)] and the final prod- 
uct [Mcb(l-46) containing the 4,2-oxazole-thia- 
zole moiety], respectively (18). (B) Summary of the 
MS analysis of substrates McbA(1-46) and His,- 
McbA. The reactions with His,-McbA as substrate 
were carried out as described above for Mcb(1- 
46) except that the time points analyzed were 0 
and 60 min. His,-McbA eluted from HPLC at 30% 
solvent B. As with Mcb(1-46) 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 (His,-McbA containing four 
oxazoles and four thiazoles), respectively. Calc., 
calculated mass; Meas., measured mass. 
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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 His6-McbA construct 
with eight potential Sites for heterocycle for- 
mation and McbA(1-46), which contains 
two modifiable residues SerW and Cys4', 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), 4161.81, 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 Gly39Ser'%ys41 tripeptide 
moiety into the 4,2-oxazole-thiazole resulted 
in the loss of 40 mass units for a calculated 

Cyclization 

ec 

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 His6-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 
His6-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 
(His6-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 kc,,/Km (catalytic efficiency) that the 43- 
aa fragment, McbA(27-69), is at least 500- 

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 (IM 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 pM, 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 carbox~lase 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 synthasemediated 
conversion of Ser and Cvs residues into ox- 
azole and thiazole rings was conducted with 
the McbA-&Gal fusion   rote in as a sub- 
strate. One requirement, apparent from the 
protein immunoblot assay, was adenosine 
triphosphate (ATP), which has a Km of 89 

Dehydrogenation - -  dl& 
C N N  E M z  

)C 
4 np, +- 

Cyclization + dehydration OH -- Dehydrogenation 

L e-FMw E-FMNn, 
Autoproteolysis 

andlor protein spliang 

Fig. 6. (A) Proposed mechanistic scheme for thiazole and oxazole formation in MccB17. Three steps are proposed: cycliition, dehydration, and 
dehydrogenation. (6) Common pathway of heterocycle formation and protein splicing and protein autoproteolysis. 
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bh l .  G i l a n o s i ~ ~ e  triphospliate ( G T P )  lias a 
Kt;, of 52 ILM, but 1vit11 onc-tl-iiril the  
.4clci-iosine-i'-(y-tl~io)tripl1i~sp1~atc (ATP-  
y-S) could also scrvc as a substrate, but at a 
K,,, (141 ph?)  1.6 tilues that o t  X T P  anil 
11-lt11 a 76-tolid lo~vrr  relative kit,,, tor a 122jl 
ratio of XTPIXTP-y-S hy it, ,,/Kt,, catalytic 
eft~ciency c r l t e r lo~~ .  T h e  A T P  aiialog aclel1- 
osine dilihospliate-CH,-POj (AhlP-PCP) 
is a c o ~ i ~ p e r ~ t i ~ . e  i l~h~h i to r ,  \\,it11 ail i n l ~ i l ~ ~ t o r v  
conctant 5 ot  2.3 bM.  ,411alysis wit11 
[y-i'P]XTP clr [a-"PIiiTP re\-ealeJ i)nlv 
aclenosil-ie il~pl-iojphate and il-iorgal-iii pl-ios- 
phate (P, )  as p rod~~c t s .  As vet, n.e cannot 
report A T P  a i d  heterc3cycle stoichlometrv 
hecause of some c i i i ~ t a m i n a ~ ~ t  L~eL~tiiie-iiide- 
pelliielit adei~osi i~e tripl~ospliatase activity. 

For each serine or cvsteine con\-erted to a 
l~eteroaromatlc t~\-e-memherecl ring procluct 
oxarole or thia:ole, tv-o e lect ro~~s are re- 
mo.ieil. Tlxs reciox stolcl~~ometry requirement 
L~romyteLi us to look k-otli for a11 exteriial 
electron acceptor and for sonlr redor-,lctive 
cotactor 111 the hIccRlC rv~~thase  comllles. 
One L ~ o s s ~ b ~ l ~ t \ -  \vai that 111cc3t1nam1de ade- 
nine dlnucleot~de (K.AD--) or NAD phos- 
phate (NADP4-)  mlglit serve as an elrctri>n 
acceptor 111 the step coi1vertlilg t11ia:olines to 
tl~iazoles or oxarolines to osaroles (Fig. 6A). 
Hon.ever, addition of K . 4 D  or KXDP'  to 
the reactlo11 mixture wit11 ~llritiril ~ ~ l c e R 1 7  
synthase had no etfect 011 t l ~ e  rate of proiiuct 
tormat~on (1 8). The  nost 11kelv terminal elec- 
tron acceptor then \\.as 0 ; .  I I I C L I ~ ~ ~ I O I ~ S  COII- 
ducted oil degassed assay components yielded 
a reiluction in the rate ot  protell1 i m m ~ ~ n o -  
hlot-positive product y 2.1-told for 
hIcbA(1-46) ~lniler conclit~ons a-here a elu- 
cdse-glucose oslclase test system had ~ i l ~ t i a l  
~ e l o c l t y  reiluceLi tliree- to fil-efold (39) .  XIS 
analys~s 011 the  hlc i~i i (1-46)  assab- rel,ealecl 
no d~scerilible difterencz heta-een the PI-oLi- 
uct produced a t  lo~vereil O1 pressure as 
comnareii \\;lth normal assay coiiJitlons. 
hlore striiieellt anaerol.iosis a;dl be re- 
qu~red  to cleterlnl~ie a K,, for 0, aiicl to test 
I+-11etl1er any oxarolll~e x~cl tl~ia:olil~e spe- 
cles tor111 ~ l n ~ i e r  these c o l ~ d ~ t i o n s .  

Xlthoueh sequence anal\:sis of h'lcbR, -C, 
ailci -D fc~ileLi to detect any slgnatnre motits 
tor ~ ~ > L ~ c t c ~ r s  (incluL{inz for A T P  or G T P ) ,  it 
seeilieii likely that o11e or more of iLlchR. -C, 
or -Ll sl~oulil conta i i~  a h o ~ l i ~ d  reiiox-active 
metal or conjugateil organic coen:Yme to 
facilitate t\\.o-electron oxidatioi~ of the pro- 
poseel t1iia:oline ailii oxaroline i~~ te rmei i~a tes  
(Fig. 6A4) .  InileeLi, o~erp roduce~ i  and p~~rl t ie i l  
h'lchC L\-as yellow and col~tained a stoichlo- 
liletric amo~lnt  o t  tigl~tly hut iioncovalently 
houllil FklN (18.  311). 

T11e detection anel p ~ l r i f i c a t ~ o l ~  of 
iLlccR17 svnthase opens the  door tor tuture 

cursors, ii~cluilini: propeptiile reci3gnit1ol1, 
regioselectivity, p ~ - ~ l ~ e s s ~ \ - i t y ,  mlllinlill size, 
i i i~d 11~11117~1. of l ~ e t e r o ~ y c l c s  for D N A  gy- 
rase ~nh ih i t ion  and antil?iotlc activity, i i t  
this point,  given our results that  re~real 
element.; o t  the  molecular logic for ser i i~e-  
to-oxarole ailel cvsteii~e-to-t11ia:ole cioii- 
~.ersions,  the  mecl~anistic scheme pro- 
poseii in Fig. 6 A  clelilleates hen. the  
c;ly 3 + ~ e l . q c ~ y s + l  t r ~ p e ~ t i d e  moietl- of 
MccRl7,  ancl specifically in Mch,A(l-46),  
is converted ti) the  aminomethyl h ~ s l ~ e t -  
erocyclic 4,2-osa:ole-thiarole, a 11kely 
LJNA intercalator for sul.seiluel~t Interac- 
t ion \v~ t l i  a DNA-LJNA gyrase complex. In  
i ~ o t h  ser~ne-to-osarole and c\-steine-to- 
t11ia:ole transformation tor M c c R l i ,  and 
lliost 11l;ely for all s~1c11 peptii le-iler~ve~i 
natural p r o d ~ ~ e t s ( t o r  example, F1g. 11, \ve 
propose a three-steL~ sequence of c\-cliza- 
tioil, net  deh \~ l ra t ion ,  anii sui~seiluent 
t11.o-electrol~ de l iy i i roge~~a t lm.  

It is tempting, given three proteil~>, 
McbR, -C, aliii -D, as necessary const i t~~ents  
ln MccR17 syntl~ase actlon, ta  asslei1 each 
protell1 one of these three enzvmatic fuiic- 
tlon5, hut that n.ould ile premature. Tlie 
cyc1l:atlon is itself relnarkal3le 111 1il;el)- geo- 
metric requirements, x l e i  ~t IS reasonable 
that Glv-Ser aiid Gly-Cy:: sequei1ces are fa- 
voreil t e ~  c \~cl i ra t~on hot11 for lack of sterlc 
hulk in the e-CH, erouL3 of tlie Gly residue 
and the Ratnaclianiirali alleles pc~p~11ate~l hy 
Gly-S dlpeptliles. T h e  i n ~ t ~ a l  cycl~c adLluct 1s 
likely to be disfa\.oreil ci~mpared \~-1t11 t l ~ e  
ac\:clic ?round state ~ ~ n l e i s  the osyanlon 
t'i>ri11eil from the Gly-Ser carhoi~yl oxygen 
can l ~ e  d~verteil. X n  o i ~ \ - ~ o u s  route \vc?~ll~i be 
en:\-me-ass~sted protolwtlon (Sf = H f ;  Fig. 
6.4). A suL7seiluent del~yilration ~voulii \-leld 
the osaroline, non. nore  committed to the 
lieteroc\-clic fate. It iz  conce~val~le  that X -  is 
the y-PO; from A4TP, to yielii a phasphate 
zroup as -OX, nit11 suhseiluei~t elim~lmtion 
ot  P, to form osaroline. T h ~ s  'i\.o~~ld expl,l~ii 
the X T P  reiluiremei~t aiid is a speculation 
ultimately testable n.1t11 "0-IaLxl in the 
Gly-Ser C ~ I - ~ O I I Y ~  oxyeen. It is of note that , , 

the in i t~al  ~xya l~ i i> i i  c y c l i ~  aciduct fro111 GI\-- 
Ser (or fro111 Gly-Cys) 1s prok-al~l\~ XI ii~ter- 
meLiiate collimoli i ~ o t  only to the peptlde- 
iieriveil l~ererocyclic natural yroiincts l ~ u t  
also in the pathn.ays i ifyroteii~ autoproteoly- 
sls (31 . 33)   XI^ protein self-splicii~g reac- 
tions (-33). Residues Ser, Cys, or T11r are 
present at both splice junction sites o t  s ~ ~ c l i  
proteins. T h ~ l s ,  as sholv11 in Fiz. 6B, net 
0 -p ro tona t~on  router the initial cyclic ad- 
i i~lct  towaril t ive-r~ng heterocycle formatioi~, 
nl~ereaa N-protonatlol~ sets tlie adiluct LILT 

for C-N ho;ici cleavage 111 net p e y t ~ ~ l e  honh 
fraementation. T11e oxoester proLiuct can 1 1 ~ -  

c lea~,eJ)  (32)  or tlie prorec>some precursors 
(a  Gly-Tl-ir peptiile 13011~1 1s cleal-ed) ( 3  1 ) ,  or 
tlie proiluct can ui~deryo aey1 t r ~ i ~ s f e r  to a11 
i ~ ~ t e m a l  Ser or Cvs s d e  chain in the sclt- 
splicing sequences, for example, in RecX 
(31), L'ent LJKA I?olymerase (35),  ancl TFPl  
(36) .  Thus, tlie C;ly-Ser (Gly -Cy)  cycli;,l- 
tlon route nabi he ratlier ai~cient biochemis- 
try n-it11 N-protonat~on AS the cIef,~ult t?atli- 
\va\:, 11-l~ereas routii~g of flus h\: 0-proton"- 
t1o11 may reclulre specific protein c,~talysis 
(for example, McbR or -D). 

Several llatllral proilucts, incluc111-ig 
th~os t rey ton ,  thlai~garole,  and patellami~le 
(Fig. 11, stop a t  tlie Lilliviiroaromat~c tive- 
nlembered thlazc3line or o s x o l ~ n e  ring 
stage, yresumaLilv l~ecanse o t  ltilletic re- 
lease hetore aromati:ation I \vh~ch  1s also 
tlie case al:parei~tl\- for ' ioge~~esis of 
~ h l e o m v c i n ,  a thlarollne precursor to 

nase activity. A priori, we reasolied the  
loss o t  tlvo l~vclrogen> and t\vc electrons 
~ t - o ~ l l d  most llkely he a yroto~~/hycIride de- 
sa turat io i~ and that  a flal-oprotein desatu- 
rase was a catal\-tic entity to  a i~t ic ipate  o11 
t l ~ e  L~asls of prececlei~ts tor acj l  coel lzy~l~e 
A J e s a t ~ ~ r a s e  (381, dihytlroorate i i eh \~ i ro -  
eellase ( 3 9 ) ,  L'ILI~R (421, a d  prolllie de- 
hydrogei~ase ( 4 1 ) ,  all tlavoei~zymes. In- 
ileed, tlur finil l l~g t11,lt h ' lc lC C ~ ~ r l f i e s  \\-lth 
one  e q ~ ~ ~ v a l e n t  of flavin monol~ucleotide 
( F M N )  ~llakes ~t a liltel\: terlnim.1 desatu- 
rase, yrrdic t~vcly  funi~el ing the  electrons 
removed from tlie p cari?oi~ of the  o s a r ~ -  
line as a l~yilricie ion allci theii passlilg 
them 011 to O-. as cos~~bs t ra t e  for E.FblN\'M- 
reox~i la t io l~s ,  e x p l a i n ~ ~ ~ g  the  requirement 
for 0, anii l ~ a l a i ~ c i n e  the  reclos s t o ~ c h ~ o r n -  
etry tor each 1-11ig formeil. \Y1e ilo not  yet 
1t11olv for the  eight ring-formine His,- 
I\/lcbii or even in the  t\vo rine-fc)rml~~tl 
iLlcl~X( 1-46) t l ~ e  l i i i~etlc reeloselect~viti- 
(t11,it IS,  Ser L~efore Cys A S  propoaeii ln Fig. 
6 A )  for ring formation or ilesatliratioii. 

I11 sum, the  ah~l i ty  to ~ u r i f y  the  McL3R-, 
h.1ci.C-, and MchD-contall~ing E ,  colt 
MccR17 s\-nthase and the  ~n l t l a l  finciii~gs 
o n  mec l~an~sn l ,  propeL>t~ile recogilit~on, and 
c o t a c t ~ r  r e i l~~~re~ l l e i l t s  set t l ~ e  staee for 
structure and ~ L I I I ~ ~ I O I I  studies to analyre the 
ii~ciiviiiual roles of these three ~ i ro te i i~s  x i c i  
tlieir c o ~ ~ ~ ~ t e r p a ~ - t s  in other sue11 heteroci-cle 
l . ~ o s i ~ i ~ t l ~ e t i c  ei~zvmes and  to iiefii~e the 
rules for recoen1ti~3n of peptide substrates. 
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Vie (1-26: plopepticle regon s a majot recogn~t~on 
cletern-'nant for i\AccB17 synt-lase. 

29. React~on components were degassed separately n 
reactvas i?ercel fitted ,i,tli scon-teflolr septa on a 
vacuurn lne ay repeatecl evacuaton and backf lng 
,ib'tIi argo,i 'for anaeroac reactonsl or a r  ('01 control 
reactons) (10 tImesl. Tlie vals were themi inc~bated 
on Ice for 30 ,nin, and t i e  degassing procedirre was 
repeated t , ? ~  l rore tmes. Anaerobe mod~fcaton 
reactions %,ere carr~ecl out In a controllecl atlmo- 
sphere glove box Model 50004, Labconco) t ia t  had 
aeen e\>acuated and backflec .,;,th argon fi\'e tllves, 
and control reactions \!!ere carried o~ r t  on t i e  bench 
top. T i e  lnodfcaton ~eactions were ca-r~ecl C L ~  es- 
sentay  as descraed above for Mcbi l -46).  To as- 
sess t i e  le\#el of oxygen renanng  after tlie degas- 
sng  procedure, t-~e activty of gl~rcose oxidase ,?!as 
deter,m~necl. Glucose oxclase catal;/zes t i e  oxicla- 
t o n  oL p-D-gl~rcose ~rsing 0; as the iydrogen accep- 
tot Gl~rcose oxiclase act~\'it:/ ,?!as cleterminecl vditli 
tlie gl~rcose oxidase-peroxdase-c-dans~cl~ie as- 
say s:/stem [H, il. Bergmeyer ?./'etiioos cfbiz,~i~a?:c 
Ai1a;vs.s i i c zdemc  Press, Nei?l York. 1974: vol 1, 
p 437  The rezctlon i i ~ x  co,-taned 3 04 Lln~ts of 
g l~cose  oxdzse (Calb~ocliem), 0 4 urits of horserad- 
s l i  peroxdase iCa1:ochen-). 0 37 1\11 P-EN-gl~rcose, 
o -dansdne  iC.4 mg'ml) (Sigmz), a1id C. l  1'/1 sod~ r l n  
phosphate ipH 7 C) The react~on was n ~ t ~ a t e d  by 
addl-g glucose oxdase to the reacaton m x  Sam- 
ples %ere removed at 4, 8, 13, and 16 mln, the 
lezcton :'ms quenched i?l~th -iCl, and ti-e al:sor- 
bance at 460 nm ?/as then determned. 

S. The optca spectrJm of pur~f~ed McbC n d  cated the 
presence of a flav~n moiety. The flav n was reezsed 
froln the enz:l:re is:/ bo~l~r ig for 15 mln Tlie dena- 
tured prote~n i?lzs retiioved by centr~fugat~on, and 
tlie fla,;~n was dent~f~ecl l:y HPLC andys~s i\iydac 
C IS  prote~n--pept~de columnj : '~~t l i  2, gradlent of 
net l iano 110 to 4CCk n 6:: mri)  In C.1 FA potass L.I- 
pliosphate r p t  3 3) 
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42. The S a  X m n  I fraqment of ,-,:cDA ,.,;as ~ ~ s e d  to 

generate an in-frat-ief~rson %ith p-Gal at t i e  65th 
codon of w b A ,  creatng t i e  p8as. i id p?V1 16 ( ' 1 .  
McbA-P-Gal a;as p~lrifled from the straln 
ZK4pPYl 1 E) % ~ t h  an alm~noaenzyl 1 -tliio-P-3-ga- 
lactocyranoside-agarose c o l ~ ~ m n  'Sglral .  

L3. A f o ~ r  peptldes ,?!ere p~rrlfiecl ay H?LC [Blo-Rad 
Precarat\ve C l e  co l~ .n i r ,  ,,vitli solvent A: '3 1 " O  tr~flu- 
oroacetc accl (TFA) in l!!ater and sol\#ent S: 0 1 C ;  

TFA in acetontre: ancr t i e  structure confrmec by 
rmass spectromet-: The concentration of t i e  pee- 
i des  ,,;,as determhecl by alr'no acid analyss. 

44. T-~e ZK4(p?V1131 stmn has ~rsed for p~r~f ica ton of 
Vcca l7  s:/nti:ase. An ovetn'git culture grow- in L3 
r-eclia containing alnciclin ~Ampl ?..:as diirted 500-fold 
n \At33 T ~ ~ I L T  contaning k n p  and gro1;:n at 3 i 7 C  for 
20 to 2L hou~s Tlie cells,,;,ere ceeted by centrf~gaton 
lIOC0gl and l:/sed \:~tIi a :rent-I FressLre eel . 'he su- 
pernatant after 105 OCOg centr~f~.gat~on v~as ~rsed for 
p~.r~f~cat~on ay p ieny -Sepiarose 3WE-Sep-,arose 
Sepiaz~yl S-200, and Ivlono? :PC~armaca) -lie actlvlty 
vlas .montorec by proten i,--m~noblot analyss as ce- 
scr~aed n F I ~  3, ,,$'ti McaA-p-Gal as a sbastrate. 

45. Pol:/clonal laba~t ant~aod~es to each protein ,?!ere 
generated by East-Acres Bioogicas Proten Iml7.u- 
r o b o t  analyss s-~o.,;,s tliat the antsera specfcaly 
recognze tl ier a i tgen arc1 do not cross-react t!!tli 
othel- protelns i'c? T-~e n- n nu no complexes were 
, , ,- ,*ds-~ed vdth buKer [SO mi\A t r~s-HC (pH 7 .5 )  100 
mb.4 K C  4 rnlvi MgCI;, 2 ITM CaCL] four t l r es  ancl 
colectecl by centr~fugaton SDS samcle buffer was 
adced to tPe complex and the sLrpernatants were 
subected to proten ~~ in i i r nobo t  analyss. 

a6 F;eact,on .--~xt~.res corsisted of 7 !AM Mcb,&,il-46; 50 
mi\A tris-HC (pH 7.5). 50 T\A KCI. 2 mi\A MgCI?. ' mlvl 
SaC12. 1 mM ATp 1 r'b: c~thlotire~to ancl cu-ifled 
i\AccB17 syrthase C.2a mg -11. T ie  reactiois %ere 
carried out at 37'C anc stoppec! by njecton onto 
H?LC (\!yaac CIS column 30C A solvent A: C.13k 
I -A n m t e .  anc sol\'ent 3 :  C.Cg3; TFA n aceton- 
t r l e~ ,  ~Acl:411-46) was eluted a r o ~ n d  22Yb sol,;ent E 
Tlie O- and 45-I--n reacton I--xt~rres sIior,ed tile 
sat--€ e u t o ~ -  pzrterns, a pezk at 33'0 solven; 6 and 
other proteln peaks after >45% sd,;ent E HPLC 
fractal-s ,:.;ere analyzed k y  proten m n u ~ i o b o t  ,:.;in 
ant1-l\1lccE17 and only tl?e pezk i2290 sol,;ent E; f o ~  
tlie 45--nn reactoti 'rlas antbody-post~,;e 178: 

47 'A'e tlialik C E Dz l i  of the Depzl-ment of B~olog~cal 
C iem~st~;  and I\~lolecular Phzrn-acology of the 
E~opolyi-ers Fact!! for syntliess of the mcrocn pep- 
t~des; I Jenson and lvi ObenzJer of Hoi?lzrd HLrghes 
I\4edcaI ns t t~r te  Research Lzl:orzto~-; for NH,-termi- 
n a  seqlrencng zmno a c d  anaI:/ss and l\/lS anayss 
S. Hecht ~Unvers~ty of \;rgnaj for an-noethyl b~tha-  
zoe carbox:/l~c acid 1'/1 Eolnger ~Penns:/vana State 
Uri~\~ers~t:/) atid S %her and D P/:cCaffer:/ of th~s 
Iaborzton;fortier help and suggestons regzrdng the 
anaerobe reactiolis 'A'e also thank 0 t h  members of 
the C T L'i' lal:oratolyfors~rggest~olis concernrig t l i s  
n-anuscr~pt Suppol-ed by NIH grant G1\113001 1 
(C T L'i' j and NSF grant l\/1CE9207223 :R K j. J C FA 
s sLrppored l:y a postdoctorA fello:.~sli~p [grant 
PF42321 ffoln the Alner~can Cancer Saclet:/, and 
LL.I\/1 s suppol-ed l:y NIH traln~ng grants 
5T33GlviC7306-19 ancl 5T32A0741 C-03 

19 July 1996 accepyed 6 Septetnber 1996 


