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Microcin B17 (McB) is a 43-amino acid antibacterial peptide
targeting the DNA gyrase. The McB precursor is ribosomally
produced and then post-translationally modified by the Mcb-
BCD synthase. Active mature McB contains eight oxazole and
thiazole heterocycles. Here, we show that a major portion of
mature McB contains an additional unusual modification, a
backbone ester bond connecting McB residues 51 and 52. The
modification results from an N — O shift of the Ser®” residue
located immediately downstream of one of McB thiazole hetero-
cycles. We speculate that the N,O-peptidyl shift undergone by
Ser°?is an intermediate of post-translational modification reac-
tions catalyzed by the McbBCD synthase that normally lead to
formation of McB heterocycles.

Microcins are small (<10 kDa) antibacterial peptides pro-
duced by enterobacteria. They are synthesized on the ribo-
somes, and some are subject to complex post-translational
modifications (1, 2). One such post-translationally modified
microcin, microcin B17 (McB),® contains a series of thiazole
and oxazole heterocycles that are produced, respectively, from
Gly-Cys and Gly-Ser dipeptides of the ribosome-synthesized
precursor by a dedicated maturation machinery (3). Recent
bioinformatic and biochemical evidence indicates that small
peptides containing post-translational-synthesized oxazole
and thiazole cycles are widespread in nature. They include,
among others, the cyanobactins (4), streptolysin S (5), clostridi-
olysin (6), goadsporin (7), and trithiazolyl pyridine antibiotics
(8—-10). The mechanistic details of heterocycle formation from
polypeptide backbones are of considerable interest, as com-
pounds containing these structures possess interesting phar-
macological properties and include, among others, anticancer
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drug bleomycin. To date, two types of biosynthetic machines
performing heterocyclization have been described. The first
type consists of three proteins (zinc-tetrathiolate containing
ATP-dependent cyclodehydratase, flavin mononucleotide-de-
pendent dehydrogenase, and a docking scaffold protein) form-
ing a trimeric complex. The best-studied example of such a
molecular machine is the McB synthase McbBCD. The docking
protein McbD recognizes the leader peptide of microcin pre-
cursor McbA and processively moves along the peptide in the N
to C direction. Upon encountering a Gly-Ser or Gly-Cys sub-
strate dipeptide, the McbC cyclodehydratase first converts a
Ser or a Cys residue into, respectively, oxazoline or thiazoline
with a loss of water from the amide backbone. Next, the McbB
dehydrogenase removes two electrons and two protons pro-
ducing aromatic oxazole or thiazole. Because McB variants
with unoxidized thiazoline or oxazoline moieties are not
detected, aromatization must immediately follow cyclization
and probably proceeds without dissociation of the enzyme sub-
strate complex (11-13). Heterocycle-forming enzymes of the
second type such as heterocyclases of the cyanobactin pathway
PatD and TruD combine substrate recognition and heterocycl-
ization activities in a single polypeptide and lack the dehydro-
genation activity. As a result, only peptides with thiazolines and
oxazolines are synthesized. They are subsequently partially
converted into aromatic heterocycles by uncharacterized cellu-
lar enzymes (4).

McB is a 3094-Da thiazole/oxazole-containing peptide that
inhibits bacterial class II topoisomerase DNA gyrase. McB pro-
duction and immunity requires seven genes: mcbA, mcbhB,
mchbC, mebD, mcbE, mcbF, and mcbG. The mcb genes form an
operon that is carried on naturally occurring plasmids. McB is
synthesized from a 69-amino acid-long glycine-rich pre-McB, a
product of the mcbA gene. Some pre-McB serine residues and
all cysteines are converted to oxazole and thiazole rings by the
McbBCD complex. After formation of modified pre-McB (pro-
McB), the leader peptide, which comprises the first N-terminal
26 amino acids, is cleaved off by the action of T1dD/TIdE pro-
tease, releasing mature McB (14). The McbE and McbF pro-
teins are homologous to ABC-family transporters and are
required for the export of McB from the producing cell. The
product of mcbG gene, a member of the pentapeptide repeat
family of proteins, presumably interacts with DNA gyrase, pro-
viding additional immunity to McB.

The major form of McB contains eight rings (four oxazoles
and four thiazoles). Incompletely processed intermediates con-
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FIGURE 1. Maturation and processing of McB. Pre-McB peptide, the product of the mcbA gene, is synthesized on the ribosomes. Eight heterocycles (four
oxazoles and four thiazoles) are introduced by the McbBCD complex, generating pro-McB. Two McbA tripeptides are converted into fused heterocycles (sites
A and B). The leader peptide is cleaved off by the TIdD and TIdE proteases generating mature McB, McB A0. An additional form of McB containing a

bis-heterocycle in site C is referred to as McB A+1.

taining seven or six rings are also common (15). These com-
pounds lack, correspondingly, one or two C-terminal oxazole
rings but nevertheless possess significant antibacterial activity.
Modification of pre-McB Gly-Ser-Cys and Gly-Cys-Ser tripep-
tides results in the formation of two fused 4,2-oxazole-thiazole
and 4,2-thiazole-oxazole bis-heterocycles termed, respectively,
the “A” and “B” sites. An additional Gly-Cys-Ser tripeptide is
present between the A and B sites and defines the C site. Most
McB molecules produced contain a single thiazole cycle at this
site. A minor fraction of McB molecules produced contains
nine heterocycles. In this compound, an additional serine resi-
due, site C Ser”?, is modified to yield a third bis-heterocycle.
Such “over-modified” McB was reported to be ~40% more
active than the 8-cycle compound (15). Because the sequences
of the B and C sites are identical, the clearly unequal effi-
ciency of bis-heterocycle formation must reflect context
dependence of the McB synthase function.

Rich biochemical evidence proves that McB promotes accu-
mulation of covalent complexes of DNA gyrase with cleaved
DNA leading to the formation of double-stranded DNA breaks,
inhibition of DNA replication, and SOS response (16 —18), thus
acting similarly to clinically important quinolones that also tar-
get the gyrase. However, the details of the interactions of McB
with the gyrase are still obscure (19). No systematic structure-
activity analysis of McB was performed. Establishment of the
structure-activity relationships in the McB molecule requires
exact knowledge of the molecule covalent structure. The
accepted primary structure of the major form of McB is repre-
sented on Fig. 1. In an effort to prepare defined McB interme-
diates suitable for structural analysis and fine biochemical and
biophysical analyses of interactions between the antibiotic and
gyrase or gyrase-DNA complexes, we performed systematic
analysis of various McB forms. Here, we report that most McB
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produced by Escherichia coli cells harboring a plasmid-borne
mch operon is distinct from the structure shown in Fig. 1. The
new structure opens ways for specific modification of McB by
biochemical and biophysical probes and sheds light into the
mechanism of oxazole and thiazole formation.

EXPERIMENTAL PROCEDURES

Strains—Strain ZK195 (BW25113 AsbmA) was obtained
from the Keio collection (20). Strain MG1655 (F-A- ilvG-rfb-
50rph-1) harboring the gyrB W751R mutation (ML751) and the
wild-type MG1655 strain were provided by Dr. Anthony Max-
well (John Innes Centre). Strain CSH50 AsfiA:lacZ (14) (a
CSH50 A lysogen carrying a transcriptional sfiA::lacZ fusion)
was a gift of Dr. Van Melderen.

Plasmids—Plasmid pPY113 (21) harboring the entire mch
operon was provided by Dr. Roberto Kolter (Harvard Medical
School).

Chemicals—Propionic anhydride and NHS-biotin were pur-
chased from Sigma and dissolved in DMSO (Panreac). Cipro-
floxacin was purchased from Sigma, dissolved in 0.1 m NaOH,
and further diluted with water or 50% MeCN. Purified DNA
gyrase (A and B subunits) was a gift of Dr. Anthony Maxwell
(John Innes Centre). Microcin C was purified in our laboratory
and diluted to 100 um with 50%MeCN.

Preparation of Relaxed DNA Substrate—Supercoiled
pBR322 was prepared by alkaline lysis using Qiagen Midi kit.
Pure relaxed DNA substrate was prepared by treating super-
coiled plasmid with exonuclease T5 (Epicenter Biotechnolo-
gies) and E. coli topoisomerase I (New England Biolabs) accord-
ing to the manufacturer’s instructions.

In Vitro DNA Cleavage Assays—DNA cleavage assays were
carried using a method based on that described by Heddle et al.
(16). 100 nm DNA gyrase was incubated with 7 nm relaxed
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pBR322 substrate for 90 min at 37 °C in the following reaction
buffer: 35 mm Tris-HCl, pH 7.5, 24 mm KCl, 4 mm MgCl,, 2 mm
DTT, 1.8 mMm spermidine, 1 mm ATP, 6.5% (w/v) glycerol, 0.1
mg/ml albumin. McB “X” and “N” variants were added as
DMSO solutions, and final concentration of DMSO was 3%.
Equal amounts of DMSO were added to control reactions.
Reactions were quenched with 0.2% SDS and 0.3 mg/ml pro-
teinase K and further incubated at 37 °C for 30 min. An equal
volume of chloroform and a half-volume of a gel loading buffer
(40% sucrose, 100 mm Tris-HCI, pH 7.5, 1 mm EDTA, 2 mg/ml
bromphenol blue) was added; next, reaction tubes were vor-
texed and centrifuged for 5 min at 13,000 rpm. The aqueous
phase was loaded onto 0.9% agarose, TAE (40 mm Tris acetate,
1 mM EDTA) gel without ethidium bromide. The gel was run in
TAE for 3 h at 5 V/cm and stained for 1 h with 10 pg/ml
ethidium bromide then quickly washed with tap water.

McB Purification and HPLC Analysis—Starter 10-ml LB cul-
tures of E. coli DH5a transformed with mcb plasmids were
grown overnight at 37 °C and used to inoculate 0.5 liters of M63
supplemented with sodium succinate and appropriate antibio-
tics. Cultures were grown for 22 h at 37 °C. Cells were collected
by centrifugation and boiled in 20 ml of 100 mm acetic acid, 1
mMm EDTA for 10 min. The clarified supernatant containing
crude McB was applied onto a SepPack C18 cartridge (Thermo-
Scientific), which was extensively washed with 10% acetonitrile,
0.1% trifluoroacetic acid (TFA) to remove contaminants. McB-
containing fraction was eluted in ~2 ml of 25% AcCN, 0.1%
TFA and vacuum-dried. The resulting pellet was dissolved in
DMSO and applied onto HPLC XTerra C18 column (Waters)
in 10% DMSO, 0.1% TFA. The column was equilibrated in 0.1%
TFA. The bound material was eluted with a linear gradient of
AcCN, 0.1% TFA (from 0 to 20% in 10 min, then from 20 to 27%
in 20 min). McB was eluted between 18 and 25 min. Individual
peaks were collected, vacuum-dried, and resuspended in 50%
AcCN, 0.1% TFA.

MALDI-MS and MS/MS Analysis—Mass spectra were
recorded on Ultraflex II MALDI-ToF-ToF mass spectrometer
(Bruker Daltonik) equipped with an Nd laser (355 nm). The
MH™ molecular ions were measured in reflector mode; the
accuracy of monoisotopic mass peak measurement was 0.01%.
Aliquots (1 ul) of the sample were mixed on a steel target with
0.5 ul of 2,5-dihydroxybenzoic acid (Aldrich) solution (20
mg/ml in 30% AcCN + 0.5% TFA), and the droplet was left to
dry at room temperature. Fragment ion spectra were generated
by laser-induced dissociation in Lift mode; the accuracy of mass
peak measurement was 1 Da. Correspondence of the found
masses to the microcin B peptides and to MS/MS peptide frag-
ments was manually interpreted with the help of GPMAW 4.04
software (Lighthouse data). For direct MALDI analysis of cell
components, McB-producing cells grown in 1 ml of M63
medium for 24 h were pelleted, and ~1 ul of cell pellet was
resuspended in 10 ul of 70% AcCN, 0.5% TFA and mixed with
10 ul of matrix solution (20 mg/ml 2,5-dihydroxybenzoic acid
in 30% AcCN + 0.5% TFA). 1 ul of the resulting mix was
dropped onto a steel target and dried at room temperature. The
MH™ of whole proteins was acquired in linear mode; the accu-
racy of average mass peak measurement was 2 Da.
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Chemical Modification—Compounds diluted to 100 um with
50% AcCN, 0.1% TFA were mixed with 10 mMm propionic anhy-
dride or NHS-biotin in 0.1 M acetate buffer, pH 4.0, or 0.1 M
phosphate buffer, pH 7.4, and incubated at 37 °C overnight (pH
4.0 reactions) or at 50 °C for 1 h (pH 7.4 reactions). For alkaline
hydrolysis, a 0.5 volume of 20% NH, water solution was added
to the reactions, and incubation was continued for 0.5 h at
50 °C. Reactions were terminated by the addition of glacial ace-
tic acid and loading on Zip-Tip C18 columns (Millipore). Reac-
tion products were eluted from Zip-Tips in 50% AcCN, 0.1%
TFA.

Determination of Antibiotic Activity and SOS Response—
Concentration of purified McB X and N was measured accord-
ing to Sinha Roy et al. (15). Samples then were diluted to 1-100
uM with 50% MeCN, and 2 ul drops were deposited on freshly
made lawns of various E. coli strains. 100 uMm ciprofloxacin
diluted with 50% MeCN was used as the control. The lawns
were prepared by overlaying M63 agar plates with 5 ml of 0.6%
agar solution in distilled water containing 100 ul of overnight
E. coli culture grown in M63 medium. Plates were incubated at
room temperature overnight.

For the demonstration of SOS response, lawns of lysogenized
CSH50 sfiA:lacZ cells (14) were prepared on the surface of
MacConkey agar (Difco) as described above. 2-ul drops of 10
uM McB N, X, ciprofloxacin, and 100 um microcin C were
deposited on the lawns. Plates were incubated for 24 h at room
temperature.

RESULTS

Discovery of an McB Fraction with Unusual MS-MS Frag-
mentation Pattern—A typical result of the final step of McB
purification, reverse-phase HPLC, is presented in Fig. 2A. As
can be seen, three major peaks are detected. The profile was
highly reproducible and was observed during purification of
multiple independent McB samples. MALDI-MS analysis
revealed that the first two HPLC peaks contained mass-ions
with m/z = 3094 and thus correspond to fully matured 8-cycle
compound shown in Fig. 1 and previously termed McB A0 (15).
The third peak contained a 3074-Da compound corresponding
to McB A+ 1 with a bis-heterocycle in site C. In addition, several
minor poorly resolved peaks that eluted earlier than the major
peaks contained mass-ions corresponding to not fully matured
McB species (A-1, A-2, and A-3). Another minor peak that
eluted between major peaks 2 and 3 also contained mass-ions
corresponding to the A-1 mass. Overall, the profile of McB elu-
tion is very similar to that observed by Sinha Roy et al. (15). In
their case, the material eluted in the first peak contained a mix-
ture of A0, A-1, A-2, and A-3, and the second peak contained
pure AO, whereas the third peak contained A+ 1. Sinha Roy (15)
and others (22) concentrated their attention on McB forms
from the second and third HPLC peaks.

What is unexpected about the HPLC elution profile shown in
Fig. 2A is that compound AO (and A-1) elutes as two distinct
HPLC peaks. To determine the reason(s) for such an unusual
chromatographic behavior, material from various HPLC peaks
was analyzed by MS-MS. MS-MS analysis unequivocally iden-
tified the material from peak 2 as McB A0 (Fig. 1). In agreement
with earlier data, material from peak 2 fragmented well at pep-
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FIGURE 2. Detection of a new form of McB. A, shown is a reverse-phase HPLC elution profile of McB at the final stage of purification. Numbers indicate m/z
values of mass-ions detected in different HPLC peaks by MALDI-MS analysis. For each m/z value, the corresponding form of McB is identified (the nomenclature
isthat of Sinha Roy et al. (15)). B, shown are MS-MS spectra of McB A0 from HPLC peak 2 (top) and 1 (second from the top) and of indicated X-type McB maturation

intermediates.
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tide bonds and formed the - and y-ion series (Fig. 2B, top). lons
from the latter series were better represented, likely due to pro-
tonation of His®®. The y-ion series was complete except for the
absence of fragmentation products of peptide bonds incorpo-
rated into the heterocycles as well as conjugated peptide bonds
lying directly downstream from some of the cyclized residues.
These bonds were previously observed to resist fragmentation
(23). Also in agreement with published data, material from peak
3 corresponded to the A+1 species (data not shown).

The fragmentation spectrum of material from peak 1, which
was the most abundant, is shown in Fig. 2B, bottom. The overall
pattern of fragmentation matches that of McB A0 with two
significant differences. First, the m/z = 1324 y-ion present in
peak 2 fragmentation spectrum and resulting from cleavage
between Ser®? and Asn®* was absent from peak 1 fragmentation
spectrum. Second, the peak 1 fragmentation spectrum con-
tained a new m/z = 1393 peak of very high intensity. The abnor-
mally high intensity of this peak was probably responsible for
suppression of other mass peaks in fragmentation spectrum of
material from HPLC peak 1. The m/z = 1393 peak could not be
assigned to any product of conventional fragmentation. Its
closest match was a z-ion resulting from breakage of the N-Ce
(Ser®?) bond. However, this z-ion should have a mass of 1394
[M] " or 1395 [MH]*. Despite a mass mismatch, we will refer to
this peak as a product of N-Ca (Ser®?) bond fragmentation, as
results presented below confirm this assignment. A possible
N-terminal paired ion arising from fragmentation at Ser>> with
an m/z value of 1702 and another possibly related ion with
m/z = 1696 was also observed in MS-MS spectrum of peak 1
material.

The preferred fragmentation site indicates that McB in
HPLC peak 1 contains a significantly more labile bond that is
absent from the conventional McB A0 structure shown in Fig. 1.
For the purposes of clarity, we will refer to the novel form of
McB and its maturation intermediates as “X-type” compounds,
whereas the conventional form and its maturation intermedi-
ates will be referred to as “N-type,” for “normal.”

Mass-ions corresponding to McB A-1 variants with distinct
chromatographic behavior were also subjected to MS-MS. In
both cases, the C-terminal oxazole heterocycle was absent as
evidenced by a 20-mass unit shift of the y7 mass-ion (Fig. 2B
and data not shown). The later eluting A-1 material had a frag-
mentation pattern expected from normal McB structure (data
not shown). The earlier eluting material displayed the X-type
fragmentation pattern. The only difference from A0 X-type
fragmentation was a shift of the prominent 1393 mass-ion by 20
mass units (m/z = 1413), reflecting the lack of the terminal
heterocycle (Fig. 2C, compare the top spectrum of X-type McB
A0 and the lower spectrum of McB A-1). In contrast, the likely
paired ions (m/z = 1702 and 1696) remained unchanged, con-
firming their N-terminal nature.

The early eluting A-2 and A-3 material was also analyzed and
found to lack, respectively, two or three terminal oxazole cycles,
as evident from 20 (A-2) and 40 (A-3) mass unit shifts of the y10
ion (Fig. 2C, bottom two spectra). Both A-2 and A-3 material
fragmented generating X-type-specific peaks shifted by,
respectively, 40 and 60 mass units from the m/z = 1393 value
seen in the case of X-type fragmentation of McB A0 (Fig. 2C).
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Analysis of fragmentation pattern of A-3 form revealed an addi-
tional prominent m/z = 1112 fragment that can be assigned to
an X-type cleavage N-terminal to Ser®® (expected z15 value of
1113 [M]™ and 1114 [MH]™). A corresponding paired ion
(m/z = 2043) was also detected.

Ser®® is normally part of site B bis-heterocycle but remains
uncyclized in A-3. Instead, a single thiazole cycle is present.
Therefore, the structure in site B (a thiazole cycle followed by a
serine residue) in A-3 is identical to site C structure with
uncyclized Ser®”. It, therefore, appears that during modification
of Gly-Cys-Ser tripeptides, the McB synthase produces a struc-
ture that is distinct from those known to be present in conven-
tional forms of McB. The new McB form constitutes at least
60% of McB molecules produced at standard conditions. Dur-
ing MS-MS, the new form fragments with very high efficiency
generating fragments that do not match expected fragmenta-
tion products of peptide bonds.

Chemical Modifications of McB—1In principle, isomerization
of the peptide bond N-terminal to serine residue in site C or site
B Gly-Cys-Ser tripeptides to a depsipeptide bond could gener-
ate MS-MS fragments matching those experimentally observed
in spectra of X-type fragmenting McB forms. Furthermore,
because the depsipeptide bond is an ester bond, it shall frag-
ment more easily than the normal peptide (amide) bond,
accounting for the high intensity of X-type MS-MS signal. In
what follows we present data that confirm this hypothesis.

The appearance of depsipeptide bonds in X-type McB shall
be accompanied by the formation of primary amino groups
inside the polypeptide chain. The presence of such groups
could be revealed with chemical modification. Two types of
chemical reagents were used for modification of McB A0 X and
N forms. The first reagent was propionic anhydride, which can
react with primary amino and sulthydryl groups and, to a lesser
extent, with hydroxyl groups. The second reagent used, N-hy-
droxysuccinimide biotin ester, is a more selective N-acylation
reagent. Because depsipeptide bonds are pH-labile, chemical
modification reactions were carried out at pH 4.0 and at pH 7.4.
The former condition is less favorable for acylation but should
prevent back-isomerization of the putative depsipeptide bond
to an amide bond.

In the case of the N-type compound, we expected to obtain
mono-modified derivatives with acylated N terminus. This
expectation was only partially fulfilled. With propionic anhy-
dride, a mixture of mono- and diacyl derivatives was revealed at
both pH conditions (Fig. 34), with diacyl derivative being more
abundant at high pH. With N-hydroxysuccinimide biotin ester,
mostly mono-modified derivative was observed at pH 7.4 with
trace amounts of double-modified species. No N-hydroxysuc-
cinimide biotin ester modification was detected at pH 4.0. For
A+1, which was used as a control, only mono-modified deriv-
atives were detected (data not shown), suggesting that uncycl-
ized Ser® is important for double modification with both
reagents. A+1 as well as all mono-modified derivatives of
N-type AO appeared to be modified exclusively at the N termi-
nus, as judged by MS-MS analysis (data not shown). Double-
modified derivatives of N-type McB A0 were modified at the N
terminus and at Ser®> (data not shown). The latter finding is
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FIGURE 3. Modification of McB A0 with propionic anhydride and NHS-biotin. A, shown are MALDI-MS spectra of (from top to bottom) unmodified N-type
McB A0, N-type McB A0 modified with propionic anhydride at pH 7.4 or pH 4.0, or NHS-biotin at pH 7.4 or pH 4.0 are shown. B, MALDI-MS spectra of (from top
to bottom) unmodified X-type McB A0, X-type McB A0 modified with propionic anhydride at pH 7.4 or pH 4.0, or NHS-biotin at pH 7.4 or pH 4.0 are shown.

somewhat unexpected as it reveals unusually high reactivity of
Ser?.

Modification of X-type McB AO was performed next. With
propionic anhydride, di- and triacylated products (but no
monoacylated products) were detected at pH 7.4 (Fig. 3B). At
lower pH, mono- and diacylated products were obtained with
the overall MS profile of modification products appearing iden-
tical to that seen with the N-type compound at these conditions
(compare the corresponding panels in Figs. 3, A and B). Diacy-
lated X-type A+0 derivatives contained modifications at the N
terminus and at Ser”>. Triacylated species contained an addi-
tional modification at Ser®”. In addition, Ser®® and Ser®® were
modified in McB A-1 and A-2 (data not shown). The result
confirms that McB serine side chains can be subject to acylation
with propionic anhydride at our conditions, albeit with differ-
ent efficiency.

Modification of X-type A+0 with N-hydroxysuccinimide
biotin ester at pH 7.4 yielded mono- and diacylated products,
whereas modification at pH 4.0 resulted in a monoacylated
compound, with a significant fraction of the starting compound
remaining unmodified (Fig. 3B, bottom panel).

Overall, comparison of the data presented in Figs. 3, A and B,
reveals that on average, the X form of McB is much more reac-
tive than the N form. Moreover, comparison of bottom panels
in Figs. 3, A and B, reveals that at pH 4.0 a mono-modified
X-type McB biotin derivative containing a modification that is
specific for X-type McB can be obtained.

MS-MS spectra of monoacylated products of X-type McB
modified with N-hydroxysuccinimide biotin ester at both pH
values are shown in Fig. 4. Unexpectedly, a fragmentation pat-
tern corresponding to N-terminal-modified N-type McB was
observed with the compound modified at pH 7.4 (Fig. 44), sug-
gesting that an X to N conversion took place during modifica-
tion. A derivative modified at pH 4.0 exhibited the X-type frag-
mentation pattern (Fig. 4B). However, the unusual z-ion
characteristic for X-type fragmentation was shifted by 227 mass
units, reflecting acylation of Ser®> with biotin. Because no mod-
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ification of Ser®> hydroxyl was observed at these conditions for
N-type compound (Fig. 3), the result implies the existence of a
highly reactive group at this position of X-type McB. At the
conditions of the experiment, this group was more reactive
than the N-terminal amino group.

Alkaline Hydrolysis of Ser*>-modified McB Reveals the Pres-
ence of an Ester Bond in X-type McB—The presence of highly
reactive chemical group at Ser®” is consistent with an idea of
depsipeptide bond formation in X-type McB. N-O-acyl rear-
rangement that takes place during depsipeptide bond forma-
tion should result in accumulation of a compound with an ester
bond between Cys®" and Ser®2. Such a bond shall be susceptible
to mild alkaline hydrolysis. Completed pH 4.0 modification
reactions of X- and N-type McB A0 with N-hydroxysuccini-
mide biotin ester (containing unmodified and mono-modified
products, see Fig. 3, A and B) were incubated in 10% aqueous
NH,;, and reaction products were visualized by MALDI-MS
(Fig. 5). As can be seen, unreacted N-type McB was not hydro-
lyzed, although a two-mass unit change indicative of deamida-
tion of asparagine residues was observed (compare Fig. 5, A
with C; deamidation was confirmed by MS-MS analysis; data
not shown). Such deamidation was described earlier by Parks et
al. (19). A more complex pattern was observed after hydrolysis
of X-type McB modification reaction products. Residual
unmodified X-type McB remained stable but became deami-
dated (compare Fig. 5, B with D) and, according to MS-MS
analysis, converted to N-type (data not shown). The relative
intensity of the peak corresponding to mono-modified X-type
McB derivative was dramatically reduced, and two new major
peaks were observed. One peak (m/z = 1701.7) corresponds to
C-terminal-amidated N-terminal McB peptide generated by
backbone hydrolysis event after Cys®'. The other mass peak
(m/z = 1639.6) corresponds to the C-terminal hydrolysis prod-
uct biotinylated at Ser®>. Analogous results were obtained upon
alkaline hydrolysis of X-type McB A0 modified with propionic
anhydride (data not shown).
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FIGURE 4. MS-MS analysis of monobiotinylated X-type McB A0. A, shown is an MS-MS spectrum of X-type McB A0 modified at pH 7.4. B, shown is an MS-MS
spectrum of X-type McB A0 modified at pH 4.0.
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FIGURE 5. Mild alkaline hydrolysis of chemically modified McB. N-type (left side) or X-type (right side) McB A0 was modified with NCS biotin at pH 4.0.
MALDI-MS analysis of completed reactions is shown in panels A and B (see also Fig. 3). Reactions were next subjected to mild alkaline hydrolysis and products

analyzed by MALDI-MS (panels C and D).

The results strongly suggest that a mono-modified derivative of ~ should be noted that efficient hydrolysis of mono-modified X-type
X-type McB indeed contains a backbone ester bond connecting McB is not due to modification per se, as none of N-type McB
residues 51 and 52. Such a bond is not present in N-type McB. It  modification products was hydrolyzed (data not shown).
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FIGURE 6. X-type McB is biologically active. A, drops of the indicated concentrations of X-type and N-type McB A0 were deposited on lawns of McB-sensitive
wild-type E. coli cells. The plates were incubated at room temperature overnight, and diameters of growth inhibition zones were recorded. Average values
obtained in at least three independent experiments are presented. B, the experiment was performed as in A but with the indicated tester cell lawns. The
concentrations of both forms of McB and ciprofloxacin in drops deposited on cell lawns were 10 um. C, drops of 10 um solutions of both forms of McB and
ciprofloxacin and 100 um microcin C were deposited on lawns of cells containing LexA-dependent promoter sfiA fused to the lacZ gene grown on McConkey
agar. Plates were photographed after overnight growth. D, E. coli DNA gyrase was used to catalyze supercoiling of relaxed pBR322 plasmid in the presence or
in the absence of 33 um of McB or 5 um ciprofloxacin. The results of separation or reaction products in an agarose gel are shown. SC, L, and OC denote,

respectively, supercoiled, linear, and open circular plasmid DNA.

Based on all the data presented above, we conclude that
X-type McB, a major form of McB in preparations purified
using the standard procedure (15), is distinct from the N-type
form whose structure is presented in Fig. 1 and contains a back-
bone ester bond that is a product of N — O acyl shift of Ser®?. As
a consequence of the isomerization reaction, X-type McB also
contains a primary amino group instead of Ser® side chain.

Biological Activity of X-type McB and X- to N-type Conversion—
A question arises of whether X-type McB is a true intermediate
and/or end product of the McB maturation process or is merely
an artifact of the purification procedure. Several lines of evi-
dence argue that compound X is produced i situ. First, express
MALDI-MS analysis of McB-producing cells treated with 70%
acetonitrile and MS matrix solution and immediately deposited
on an MS plate (see “Experimental Procedures”) revealed an
m/z = 3094 peak corresponding to McB A0 (supplemental Fig.
S1A). Based on MS-MS analysis, this peak clearly contained
X-type fragmenting material (supplemental Fig. S1B). On the
other hand, N-type McB failed to convert to X-type McB at
conditions used during the standard purification procedure.
N-type McB A0 was “mock-purified” by 20 min of boiling in 0.1
M acetic acid followed by zip-tip purification and HPLC/
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MALDI-MS analysis. No evidence of N — X conversion was
revealed (supplemental Fig. S2 and data not shown).

To estimate antibacterial activity of X- and N-type McB and
demonstrate that X- and N-type McB have the same target, the
following experiments were performed. Using a standard spot-
on-lawn plate assay, we demonstrated (Fig. 6A) that growth
inhibition zones of equal size were formed around drops of
solutions containing matching concentrations of pure X- and
N-type McB on lawns of wild-type E. coli, indicating that the
two compounds are equally active. As can be seen from Fig. 6B,
growth inhibition zones for both compounds decreased to the
same extent on lawns of E. coli cells carrying a gyrB mutation
that renders the DNA gyrase partially resistant to McB (24).
Cells lacking sbmA, a transporter responsible for McB uptake
(25), were fully resistant to both compounds (Fig. 6B). As con-
trol, we used ciprofloxacin, an unrelated antibiotic that also
targets the gyrase but interacts with a different site and does not
require SbmA for cell entry (26). As expected, ciprofloxacin was
equally active against wild-type and mutant cells (Fig. 6B).

The double-stranded breaks in DNA induced by McB and
ciprofloxacin cause a SOS response that is activated when
repression by transcriptional repressor LexA is removed (26—
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FIGURE 7. A possible mechanism of depsipeptide bond formation in McB. See Discussion for details.

28). Using E. coli cells containing a genomic fusion of LexA-de-
pendent promoter sfiA with the lacZ gene (14), we determined
the ability of both forms of McB to induce SOS response by
following the color around inhibition zones on tester cells
lawns grown on McConkey indicator medium. As can be seen
from Fig. 6C, both McB forms and ciprofloxacin, but not mic-
rocin C, an inhibitor of an aminoacyl-tRNA transferase (1, 2),
caused development of intense red color at the outer edges of inhi-
bition zones, indicating that cells receiving sublethal doses of X-
and N-type McB and ciprofloxacin underwent SOS response.
The plate assays involve an overnight incubation of McB at
the surface of agar plates, pH 7.0, kept at room temperature,
and it can be argued that an X to N-type conversion takes place
during the bioactivity assay. In fact, the results of chemical
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modification of X-type McB at pH 7.4 suggest that this is a
distinct possibility (see above). HPLC analysis of X-type McB
A0 incubated overnight at pH 7.4 revealed the appearance of a
chromatographic peak with retention time characteristic for
N-type McB AO (supplemental Fig. S3, compare the top and
bottom panels). We estimate that less than 20% of input X-type
McB A0 was converted to N-type McB A0 during the incuba-
tion time. However, accumulation of these relatively small
amounts of N-type McB AO cannot account for biological activity
of our X-type McB samples, as equal specific activity of N- and
X-type McB was observed at subsaturating amounts of both inhib-
itors (Fig. 6A).

To demonstrate that both types of McB have the same target,
in vitro effects of X-type and N-type McB and control cipro-
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floxacin on DNA gyrase-catalyzed plasmid supercoiling reac-
tions were investigated (Fig. 6D). The addition of ciprofloxacin
and both forms of McB caused the expected (16) accumulation
of the linear plasmid form (labeled L in Fig. 6D) arising due to
stabilization of enzyme complex with cleaved DNA in the pres-
ence of drugs (compare the second lane with the third, fourth,
and fifth lanes 3, 4, and 5). Both forms of McB demonstrated
equal efficiency in stabilizing cleavage complexes. We, there-
fore, conclude that X-type McB is biologically active and targets
the gyrase.

DISCUSSION

In this work we reveal that most of the mature McB A0 pro-
duced has a structure that is distinct from that established ear-
lier and shown in Fig. 1. The new structure is characterized by
the presence of depsipeptide bond between McB residues 51
and 52. The presence of depsipeptide bond follows from 1)
results of mild alkaline hydrolysis and 2) chemical modification
results that reveal the presence of highly reactive amino group
at the place of Ser®?. Furthermore, the presence of depsipeptide
bond explains the discrepancy of the dominating MS-MS
X-type ion with a value calculated based on standard McB
structure. Preferential cleaving of the ester bond during
MS-MS fragmentation should yield, in the case of X-type McB
AO, the observed 1393-Da z-ion rather than the 1395 ion
expected for fragmentation of the normal peptide bond.

A depsipeptide bond is also present in McB maturation inter-
mediates containing a single thiazole cycle in site B. Evidently,
formation of depsipeptide bond occurs when the McbBCD syn-
thase encounters a Gly-Cys-Ser tripeptide and completes the
synthesis of N-terminal thiazole (Fig. 7). In the case of site B
tripeptide, the McbBCD synthase proceeds to synthesize the
fused oxazole cycle with high efficiency followed by the forma-
tion of more C-terminal single oxazole cycles. In the case of site
C tripeptide, the synthesis of fused oxazole (leading to the for-
mation of McB +A1) proceeds with low efficiency. Instead, a
competing reaction of N-O-acyl rearrangement takes place,
resulting in the accumulation of a compound with an ester
bond between Cys®' and Ser®”. The choice of pathways during
modification of site C and B substrate tripeptides is obviously
context dependent, i.e. determined by residues outside the tri-
peptide substrate. Site-specific mutagenesis of McbA residues
around the site B and C tripeptides will be required to under-
stand the choice of the reaction pathway.

The detection of X-type fragmenting compounds during
direct mass spectrometric analysis of McB-producing cells
argues that the depsipeptide bond containing McB is physio-
logical. In vitro, the depsipeptide bond-containing form of McB
can be spontaneously converted to normal peptide bond con-
taining McB shown in Fig. 1 upon incubation at physiological
pH. N-O rearrangements have been reported in serine-rich
proteins but only after prolonged boiling with concentrated
sulfuric acid (29). However, we failed to observe conversion of
N-type McB to X-type under conditions simulating the process
of McB purification. Thus, it is possible that most, perhaps all of
McB A0 produced in situ, contains a depsipeptide bond, with
amide peptide bond-containing forms accumulating in the
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cytoplasm or in the cultured medium (pH = 7.0) after the mod-
ification has been completed.

The N-O-acyl rearrangement revealed by our work could be
a byproduct of cyclization at Ser®” that normally yields McB
A+1. The likely mechanism through which depsipeptide bond
is formed is shown in Fig. 7. The figure is based on a pioneering
work of Walsh and co-workers (11), who noticed a similarity
between the McB maturation process and protein splicing and
autoproteolysis reactions (30—-32). According to the proposed
mechanism, initial cyclization involving the serine side chain
allows two alternative subsequent protonation events. O pro-
tonation should lead to oxazoline formation, whereas alterna-
tive N protonation should lead to depsipeptide bond formation.
In the case of protein autoproteolysis, the resulting ester bond is
cleaved, whereas in the case of McB, the resulting form is stable,
possibly due to the presence of upstream thiazole cycle. Detec-
tion of depsipeptide bond form of McB provides experimental
support to fundamental similarity of heterocycle formation in
McB and autoproteolysis.

Despite many years of study, no direct evidence of McB inter-
action with its target, the DNA gyrase, has been obtained, and the
site of McB binding on the gyrase is not known. The discovery of a
new form of McB provides a useful handle to study the interactions
of McB with its target as well as conformational changes within
MCcB, as availability of sites for site-specific chemical modification
at the N terminus and within the molecule at amino acid position
52 should allow to selectively incorporate cross-linkable and fluo-
rescent labels at these positions of McB.
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