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ABSTRACT:. The natural products epothilone and bleomycin are assembled by hybrid polyketide/
nonribosomal peptide synthetases. Of note in these assembly lines is the conversion of internal cysteine
residues into thiazolines and their subsequent oxidation to heteroaromatic thiazole rings. We have excised
the EpoB oxidase domain, EpoB-Ox, proposed to be responsible for thiazoline to thiazole oxidation in
epothilone biosynthesis, and expressed it in soluble foriasicherichia coli The purified domain is an
FMN-containing flavoprotein that demonstrates thiazoline to thiazole oxidase activity when incubated
with thioester substrate mimics. Kinetic parameters were determined for both thiazoline and oxazoline
substrates, with. values ranging between 48.8 and 0.55 mhiWhile the physiological electron acceptor

is not yet known, molecular oxygen is needed in these in vitro assays to mediate reoxidation of reduced
FMN. Additionally, the oxidase domain-containing BImlll from the bleomycin assembly line was
heterologously expressed and purified. BImlll is also an FMN-containing protein with activity similar to
EpoB-Ox. This work marks the first direct characterization of nonribosomal peptide synthetase oxidase
domain activity and will lead to further exploration of these flavoproteins.

Nonribosomal peptides such as the antibiotic vancomycin oxazole rings. The presence of such heterocycles embedded
and the immunosuppressant cyclosporin A are assembled byn peptide chains of natural products suggests an NRPS
multimodular nonribosomal peptide synthetases (NRPES$) origin, and the transformation of peptide bonds to hetero-
Analogously, natural products such as the bleomycins andcycles has profound consequences on the shape and stability
epothilones that are hybrids of polyketides (PK) and non- of the molecules. Such heterocycles can occur once in the
ribosomal peptides (NRP) are biosynthesized by hybrid PK/ product (as in the epothiloned()), as tandem dimers (as
NRP synthetase assembly linés-6). NRP moieties often  in the bleomycins11) and myxothiazol 12)), and as up to
contain p-amino acid residues, epimerized during chain eight tandem five-membered rings as seen in the potent
elongation, as well as nonproteinogenic amino ad&lF). telomerase inhibitor telomestatia3) (Figure 1).

Some of the nonproteinogenic amino acids, such as 4-hy- We have previously studied the tandem enzymatic thi-
droxyphenylglycine and 3,5-dihydroxyphenylglycine in van- azoline-forming cyclodehydrations of bis-cysteir§pan-
comycin, are created as dedicated monomers by enzymes inotheinyl enzyme intermediates during the elongation phase
the antibiotic biosynthetic cluster8), while others are  of yersiniabactin synthetase to create the iron-chelating
generated during the elongation proce3s ( yersiniabactin siderophore iversinia pestis(14). The

Of particular note in NRPS and hybrid NRPS/PKS conversion of the acetyl-cysteingspantotheinyl enzyme on
assembly lines is the conversion of internal cysteine, serine,the EpoB subunit of epothilone synthetase to the methylthi-
and threonine residues into thiazolines and oxazolines andazolyl-S-pantotheinyl enzyme intermediate has also been
their subsequent oxidation to the heteroaromatic thiazole andcharacterized 15). Similarly, the vibriobactin siderophore
of Vibrio choleraecontains methyloxazolinyl rings that arise

CATJE%V?”‘E;WS’"S Bstépported by _N”'ti foﬁlnstlsz %’X%%OElé t: C-Td-V(VMéfEl;d during chain elongation by the vibriobactin synthetase VibF
0 b.o. b.o. IS arecipient o walr . :
9733938) and NiH Independent Scientist Award (AI51687). T.L.S. is SuPUnit €6). In all of these cases, the cyclodehydrations are

supported by Postdoctoral Fellowship Grant PF-02-023-01-CDD from Catalyzed by cyclization (Cy) domains that are variants of
the American Cancer Society. the normal condensation (C) domains that carry out peptide

e hgroﬁalsﬁ%rﬁégoﬁgﬁgﬁg ojhould be - addressed. - E-mail: hond formation during NRP chain elongaticv(18). Thus,
t HafvarJMedicm School. the thiazoline- and oxazoline-forming Cy domains carry out

8 University of Wisconsin. three stepspeptide bond condensation, cyclization, and
! Abbreviations: NRPS, nonribosomal peptide synthetase; PK, dehydration-as they transform peptide bond connectivity

polyketide; Cy, cyclization; C, condensation; Ox, oxidase; FMN, flavin ; g ; ; ;
mononucleotide; HPLC, high-pressure liquid chromatography; MALDI- into heterocycle connectivity in the growing peptide chain.

MS, matrix assisted laser desorption ionization-time-of-fight mass ~ Some dihydroheterocycles persist during subsequent chain
spectrometry; TLC, thin-layer chromatography; NMR, nuclear magnetic translocations and elongations to appear in the final products,

resonance; NAQON-acetylcysteamine; TE, thioesterase; A, adenylation; i vk ; ini i
T, thiolation: FAD. flavin adenine dinucleotide: XTT. 2,3-bis-(2- such as in vibriobactin and yersiniabactin. Others are reduced

methoxy-4-nitro-5-sulfophenyl)#2-tetrazolium-5-carboxanilide; NAD- DY two electrons to form tetrahydroheterocycles, thiazo-
PH, nicotinamide adenine dinucleotide phosphate, reduced form.  lidines, as found in th®seudomonas aeruginosaerophore
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Ficure 1: NRPS-derived thiazole- and oxazole-containing natural products.

pyochelin and in one of the rings of yersiniabactl®,(20). For synthesis of enzyme substrates and HPLC standards,
A third fate for dihydroheterocycles is two electron oxidation all chemicals and solvents were purchased from Sigma-
to yield heteroaromatic thiazoles and oxazoles, as seen inAldrich, unless otherwise noted, and used without further
the epothilones and bleomycins. This two electron oxidation purification. Chiral TLC was performed on glass plates
is thought to be catalyzed by multimodular NRPS assembly precoated with chiral-silica gel (60 A, 250M, Sigma-
lines, and gene sequencing in the epothilgh&), bleomycin Aldrich). Preparative reverse phase HPLC was carried out
(3), and myxothiazol12) clusters has revealed an additional on a Beckman System Gold with a Vydac C18 column (300
30 kDa domain in Cy domain-containing modules. This A, 22 x 250 mm). NMR spectra were recorded on Varian
additional domain could function in the conversion of Mercury 200 MHz and Bruker Spectrospin 400 MHz
thiazolineS-enzyme to thiazol&enzyme intermediates and  spectrometers.

has been termed an oxidase (Ox) domain. In this study, we  cjoning of epoB-OxThe epoB-Ox fragment (nucleotides
demonstrate that such an Ox domain, excised from the 9173666 ofepoB was amplified by PCR from a plasmid
gpothilone_ EpoB mpdule, can be expressed heterologouslycomaimng theepoB gene (5). The forward primer was

in Escherichia coli folds autonomously as an FMN-  gesigned to incorporate &idd site, and the reverse primer
containing domain, and has thiazoline to thiazole oxidase incorporated aNot site into the amplified sequence. Ampli-
activity when small molecule thioester surrogate substratessiaq products were digested and ligated into a linearized

were evaluated. The bleomycin Bimlll module, which  ,e124h vector to give pOx1. DNA sequencing confirmed
contains an Ox domain, showed similar activity when ne correct insertion of the gene into the plasmid.

overexpressed ift. coli and evaluated in parallel assays. . .
Biochemical characterization of BImlll and BImIV in bleo- Overexpression and Pu_nﬂcanon of quB'CBd‘Zl(DE?’)
mycin bithiazole biosynthesis can also be seen in the ceIIs.were transformed with pOx; plasmid and grown In LB
accompanying papen¥). media (3x 1L) supplemented with 3@g/mL kanamym_n.

Cultures were grown to Ofgp = 0.6 at 37°C, protein
MATERIALS AND METHODS expression was induced by the addition of IPTG to 480

and growth continued for an additidn& h at 25 °C.

General.Chemically competeri. coli TOP10 and BL21- Harvested cells were resuspended in 25 mL of lysis buffer

(DES3) cell strains were purchased from Invitrogen. Restric- (25 mM Tris, pH 8.0, 200 mM NaCl, 10% (v/v) glycerol)
tion endonucleases and T4 DNA ligase were purchased fromand lysed by French Press. Cell lysate was clarified by
New England Biolabs. The pET24b overexpression vector centrifugation (30 min at 350@), and the resulting
was purchased from Novagen. Oligonucleotides for PCR supernatant was incubated with 1 mL of Ni-NTA resin
amplification were prepared by Integrated DNA Technolo- (Qiagen) fo 2 h at 4°C. The resin was decanted into a
gies. Reverse phase HPLC analysis of enzyme reactioncolumn and washed with 20 mL of 5 mM imidazole in lysis
products was performed on a Beckman System Gold with a buffer. C-terminally Hig-tagged EpoB-Ox protein was eluted
Vydac C18 column (300 A, 4.& 250 mm). MALDI-MS with a step gradient of 30, 60, 100, 250, and 500 mM
(matrix assisted laser desorption ionization-time-of-flight imidazole in lysis buffer. Fractions containing EpoB-Ox as
mass spectrometry) was performed at a Voyager-DE STRjudged by SDSPAGE were pooled and dialyzed against
BioSpectrometry Workstation (PerSeptive Biosystems) with lysis buffer (2x 2 L). A solution of purified EpoB-Ox was
predicted accuracy to 0.1%. All samples were prepared usingbright yellow. Enzyme concentration was calculated based
2,5-dihydroxybenzoic acid as matrix. U\Wis spectra were ~ on the known extinction coefficient for FMN, 12 200 cin
collected on a Hewlett-Packard 8453 spectrophotometer. M~! at 450 nm 21). EpoB-Ox samples were heat denatured



9724 Biochemistry, Vol. 42, No. 32, 2003

for 2 min at 90°C, and the supernatant was subjected to
UV —vis analysis. The total yield of protein, calculated based
on flavin content, was typically 5 mg/L. For comparison

Schneider et al.

without further purification*H NMR (200 MHz, CDC}):
7.77 (m, 2H), 7.40 (m, 3H), 5.21 (t, 1H), 3.63 (d, 2H).
Enantiopurity was greater than 95% as measured by chiral

assays, the full-length EpoB module was prepared asTLC (MeCN/H,O/MeOH, 4:1:1);R = 0.6 whileRs = 0.5

described previouslyl6) but dialyzed into the same lysis

for the b enantiomer. The thioester was prepared using

buffer described above. EpoB concentration was also basedstandard PyBOP coupling methods, and the reaction mixture

on FMN content.

Overexpression and Purification of BImIIThe overpro-
duction of the full-length BlmIIl module as an N-terminally
Hiss-tagged fusion protein was reported previoushp)(
Here, BL21(DE3) cells were transformed with thémlll
expression plasmid pBS15 and grown in LB mediax(@

L) supplemented with 3pg/mL kanamycin. Cultures were
grown to OQyo = 0.6 at 37°C, protein expression was
induced by the addition of IPTG to 10@M, and growth
continued for an additional 5.5 h at 2&. Harvested cells
were resuspended in 50 mL of lysis buffer (25 mM Tris, pH
8.0, 200 mM NaCl, 10% (v/v) glycerol) and lysed by French
Press. Cell lysate was clarified by centrifugation (30 min at
35 00@), and the resulting supernatant was incubated with
3 mL of Ni-NTA resin (Qiagen) fo3 h at 4°C. The resin

was purified using a linear HPLC gradient of acetonitrile in
water with 0.1% TFA from 20 to 80% over 30 min. Product
tr = 20 min. [M + H]*: observed 309.2, calculated 309.1.
Phenylthiazolyl-S-NAC2-Phenylthiazoline-4-carboxylic
acid was oxidized using established methdds (ith a yield
of 62%. *H NMR (200 MHz, CDC}): 8.27 (s, 1H), 8.00
(m, 2H), 7.49 (m, 3H). The related thioester was prepared
as described, and the reaction mixture was purified using a
linear HPLC gradient of acetonitrile in water with 0.1% TFA
from 20 to 80% over 30 min. Produtt = 22 min. [M +
H]*™: observed 307.3, calculated 307.1.
Phenyloxazolinyl-S-NA@-Phenyloxazoline-4-carboxylic
acid methyl ester was prepared following literature protocol
(24) with a 44% yield.*H NMR (200 MHz, CDC}): 7.92
(m, 2H), 7.32 (m, 3H), 4.96 (m, 1H), 4.65 (m, 2H), 3.82 (s,

was decanted into a column and washed with 30 mL of 10 3H). Stoichiometric base hydrolysis gave free 2-phenyl-

mM imidazole in lysis buffer. BImlll was eluted with a step
gradient of 30, 60, 100, 250, and 500 mM imidazole in lysis
buffer. Fractions containing BImlll as judged by SBS
PAGE were pooled and dialyzed against lysis buffex(2

L). Purified BImlll was also yellow. Enzyme concentration

oxazoline carboxylate, which was coupled withacetyl-
cysteamine to yield the desired thioester product. The
reaction mixture was purified using a linear HPLC gradient
of acetonitrile in water from 20 to 80% over 30 min. Product
tr = 15 min. [M + H]*: observed 293.4, calculated 293.4.

was calculated based on FMN content as described above. Phenyloxazolyl-S-NAC2-Phenyloxazoline-4-carboxylic

Protein yield was approximately 2 mg/L.

acid methyl ester was oxidized following established pro-

Chemical Synthesis of Enzyme Substrates and Standardstocols @5), giving a 78% yield of the desired oxazoléd

Methylthiazolinyl-S-NAC.Sodium 2-methylthiazolinyl-4-
carboxylate (23.4 mg, 146mol; Synchem) was combined
with PyBOP (0.1 g, 21Qumol; Invitrogen), N-acetylcys-
teamine (NAC; 23.4L, 210 umol), and triethylamine (14
uL, 210 umol) in a mixture of 20QuL of DMF and 500uL

of THF. Similar coupling methods were used for all other

NMR (200 MHz, CDC}): 8.26 (s, 1H), 8.08 (m, 2H), 7.44
(m, 3H), 3.92 (s, 3H). Base hydrolysis of the ester followed
by coupling with N-acetylcysteamine gave the desired
thioester product. The reaction mixture was purified using a
linear HPLC gradient of acetonitrile in water with 0.1% TFA
from 20 to 80% over 30 min. Produtf = 19 min. [M +

thioester preparations. The reaction mixture was stirred atH]*: observed 291.2, calculated 291.4.

25°C for 2 h, and the desired thioester-linked product was
purified using preparative HPLC. A linear gradient of
acetonitrile in water from 0 to 50% over 30 min gave the
desired product ak = 22 min.*H NMR (400 MHz, 10%
THF-dg in D;O): 5.6 (m, 1H), 3.52 (m, 1H), 3.44 (m, 1H)
3.26 (t, 2H), 2.98 (m, 2H), 2.19 (s, 3H), 1.83 (s, 3H). M
H]™: observed 247.1, calculated 247.3.
Methylthiazolyl-S-NAC2-Methylthiazolyl-4-carboxylic acid

ethyl ester (Maybridge) was subjected to ester hydrolysis,

Evaluating Enantiopurity of Thioester-Linked Substrates.
Under the coupling conditions described above, a mixture
of thioester enantiomers resulted in each case. Reactions
carried out in the absence of triethylamine, or with other
coupling agents including DCC alone or with HOBt, also
yielded a mixture of enantiomers. Efforts to separate the
SNAC-linked enantiomers with chiral TLC or HPLC proved
unsuccessful. Therefore, thioester bonds were cleaved under
neutral conditions using the excised EpoF thioesterase (TE)

and thioester coupling proceeded as described above. A lineadomain @6). TE (38 uM) was combined with 25 mM

gradient of acetonitrile in water with 0.1% TFA from O to
100% over 30 min gave the desired produdizat 14 min.
[M + H]*: observed 245.2, calculated 245.3.
Phenylthiazolinyl-S-NACA reported procedure2@) for
the preparation of hydroxyphenylthiazoline carboxylic acid
was modified to give 2-phenylthiazoline-4-carboxylic acid.
Benzonitrile (3 mL, 29.1 mmol) was combined with
cysteine hydrochloride (9.15 g, 58.5 mmol) in 100 mL of

phenylthiazolinylSNAC in 75 mM sodium phosphate
buffer, pH 7, with a total reaction volume of 44.. The
reaction mixture was spotted onto a chiral TLC plate, and
the presence of both carboxylic acid enantiom&s< 0.5
andR: = 0.6) in equal amounts was detected within 30 min.
Oxidase Actiity AssaysReactions containing EpoB-Ox
or BImlll were carried out in 75 mM sodium phosphate, pH
7, at ambient temperature. Reactions that contained phen-

degassed 1:1 MeOH/0.1 M sodium phosphate, pH 6. Theylthiazolinyl-SINAC or phenyloxazolinylSNAC also in-

reaction was stirred under nitrogen at 20 for 3 days.
Precipitate was removed through filtration, and MeOH was
removed using rotary evaporation. The remaining solution

cluded 10% THF for substrate solubility. Reactions were
initiated by the addition of oxidase and quenched by heat
denaturation at 90C for 2 min. Reaction products were

was placed on ice, and phosphoric acid was added to pH 4.detected by analytical HPLC using linear gradients of

The resulting precipitate was extracted into CH, dried,
and concentrated to yield a yellow oil (73%) that was used

acetonitrile in water with 0.1% TFA that varied by sub-
strate: for methylthiazoliny&NAC, 0—67% over 20 min;
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Ficure 2: Domain organization of EpoB and Blmlll. Ox domains are highlighted in black. The Ox domain in EpoB is sandwiched into
the adenylation (A) domain, while the Ox domain in BImlll follows the thiolation (T) domain. The probable natural substrate for each Ox
domain is shown tethered to the proximal T domain.

for phenylthiazolinylISNAC, 40—70% over 15 min; and for ~ RESULTS
phenyloxazolinylSNAC, 20—-70% over 22 min. Products . o
were quantified by integrating peak area and comparing it Expression and Purification of the EpoB-Ox Fragment and

with a standard curve prepared with synthetic standards. "€ Full-Length BImill ModuleWe have previously de-
L . . scribed the heterologous expression of the four domain EpoB
Kinetic parameters for reactions with EpoB-Ox were protein from the epothilone biosynthesis gene clust&y. (

determined with 3«M enzyme and a range of substrate ere we describe work done with the excised Ox domain
concentrations in a total volume of Q. Reactions were  om EpoB that examines the mode of action of this

quenched by heat denaturation at times within the linear fjayoprotein in greater detail. The domain organization of
range for each substrate: 5 min for methylthiazoliSyNAC EpoB and BImlIl is shown in Figure 2. The EpoB-Ox domain
and 45 min for phenylthiazolinyNAC and phenyloxazoli-  \yas identified based on sequence alignment with other
nyl-S-NAC. Each experiment was carried out in triplicate, proposed Ox domains found in BImlIl from bleomyci) (
and the reported error denotes the standard deviation amongnd in MtaC and MtaD from myxothiazol®) and contains

the three trials. the highly conserved Ox-1 and Ox-2 motif22[. The 249-
Kinetic parameters for reactions with BImlll were deter- residue EpoB-Ox fragment (residues 97222 of EpoB)
mined with 3uM BImlll for assays with methylthiazolinyl-  was expressed with a C-terminal kltag inE. coli in good

SNAC and 0.75:«M BImllI for assays with phenylthiazolinyl-  yield (5 mg/L). The 29 kDa protein was soluble and readily
SNAC and phenyloxazolinys-NAC in a total volume of purified using nickel affinity chromatography (Figure 3A).
50 uL. Reactions were quenched by heat denaturation atPurified EpoB-Ox was yellow, indicating that the FMN
times within the linear range for each substrate: 15 min for cofactor identified in EpoB X5 was also bound by the
methylthiazolinylS-NAC, 5 min for phenylthiazolinylS- excised Ox domain. As shown in Figure 3, the presence of
NAC, and 10 min for phenyloxazoling=NAC. Each ~ FMN was confirmed by UV-vis spectroscopy, HPLC
experiment was carried out in triplicate, and the reported analysis after heat denaturation of the protein, and MALDI-
error denotes the standard deviation among the three trialsMS (for FMN, [M + H]* observed, 458.2; calculated, 458.3).

Determination of Oxidase Enantioseledty. Phenylthi- The Aorgussratio for purified EpoB-Ox is 6.9:1. _
azolinyl-SNAC (6.4 mM) was incubated with 54M EpoB- BImlll from the bleomycin biosynthesis gene cluster is a
Ox or buffer alone for 10 min in a total volume of 238. three domain protein also containing an Ox domain. Its

Remaining phenylthiazolinysNAC in each case was expression itE. coli as an N-terminally Histagged 101 kDa

separated from other reaction components using HPLC andProtein has been describe@2. Blmlll also contains a

lyophilized to dryness. Each sample was resuspended in ghoncovalently bound FMN cofactdzg), and the Aqoassratio

: ; ; for purified BImlll is 10.9:1. The sequences of the Ox

L of THF and incubated with 38M TE in phosphate buffer : . X
?or 10 min at ambient temperatﬁre in a total reaction volume doma'”s fro_m EpoB a_nd BIT”' _d's_p'?y approximately 40%
of 40 uL. Samples were spotted on chiral TLC plates and amino aC|d. identity with 50/o.S|m.|Iar|ty.
resolved (MeCN/HO/MeOH, 4:1:1). TLC plates were Preparation and Characterization of Soluble Substrates
visualized by UV at 254 nm. for EpoB-Ox and bB'm'"t-lhlfh_r‘orr?%s’“bft;ﬁte. for Epos-

o _ . x is proposed to be methylthiazolingipantotheinyl-EpoB,

PhenylthiazolinylsNAC (6.4 mM) was incubated with tethered in cis on the thiolation (T) domain just downstream
6.5uM BImlll or buff_er alone for 15 minin a total volume of Ox domain (Figure 2). Similarly, the expected substrate
of 1 mL. The remainder of the experiment proceeded as ¢, the BImIIl Ox is predicted to be the more elongated
described for EpoB-Ox. acylbithiazolinyl chain tethered in cis on the BImlll T

Oxidase Actiity under Anaerobic Conditions total of domain, as shown in Figure 2. Acyl enzyme intermediates
1 mL of 31.2 uM EpoB-Ox and 15.6uL of 100 mM are difficult to obtain in substrate quantities, and these
methylthiazolinylSNAC (50-fold excess) were placed in  systems would generate only a single turnover since the
separate chambers of an anaerobic cuvette. The cuvette wasxidized products remain attached to the protein. Since single
sealed and repeatedly evacuated and flushed with argon 12urnover reactions are challenging to measure because of low
times. UV—vis spectra were collected before and after mixing sensitivity of product detection, we chose to use soluble small
the two reactants and after the cuvette was reopened to airmolecule thioester surrogates as substrates for EpoB-Ox and
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Ficure 3: (A) SDS-PAGE analysis of the purification of proteins by nickel affinity chromatography. Lane 1, molecular weight markers
(kDa); lane 2, purified EpoB-Ox; lane 3, purified BImlll. (B) UWis spectrum of 3QuM purified EpoB-Ox (solid line), showing the
absorption maxima at 349 and 445 nm that are characteristic of flavin-containing proteins. Also shown is-this pectrum of the

protein after addition of a 50-fold excess of methylthiazoliByWAC under anaerobic conditions (dashed line). Loss of signal at 445 nm
persisted 10 min after mixing occurred (dotted line). (C) HPLC characterization of EpoB-Ox flavin cofactor after heat denaturation of
protein. Traces shown are authentic FAD (a), authentic FAD and FMN (b), authentic FAD and EpoB-Ox flavin (c), and authentic FMN and
EpoB-Ox flavin (d).

BImlll. N-Acetylcysteamine (NAC) has been used success- phenyloxazolinylSNAC in a 3 hexperiment under identical
fully as a mimic for the phosphopantetheinyl prosthetic group conditions. On the basis of this information, all enzyme
of T domains 27, 28) and was linked to substrates of interest kinetic data were collected at times equal to or less than 45
here to give SNAC thioesters. min.

MethylthiazolinylSNAC and phenylthiazoliny&-NAC Enzymatic Actiity of Excised EpoB-Ox DomaiRurified
were prepared synthetically as soluble substrates for EpOB'EpoB-Ox (3uM) was incubated with 2.5 mM methylthi-
Ox and BImlIl. Full-length EpoB has shown tolerance for azoliny-SNAC at ambient temperature. After 3 h, the
unnatural substrates, including phenyl-substituted substrategection products were evaluated by HPLC. In the presence
and even oxazoline-containing substrates; £9). Thus, we of EpoB-Ox or full-length EpoB, a new peak was observed
also prepared phenyloxazolin®NAC to investigate this  hat coeluted with chemically prepared methylthiaz@yl-
tolerance further. These substrates were prepared in moderatgac (Figure 4A). No new peak was observed in the absence
yield, but the methylthiazoline ring, in particular, was very ¢ catalyst or when an equivalent amount of free FMN was
susceptible to hydrolytic ring opening, necessitating storage 5qged to methylthiazolinys-NAC. Oxidation of phenylthi-
in neutral pH buffer. Additionally, it was not possible to azoliny-SNAC and phenyloxazoliny&NAC was also

maintain enantiopurity while coupling the dihydrohetero- ,hqeryed in the presence of EpoB-Ox (Supporting Informa-
cyclic carboxylic acids to SNAC. Unfortunately, thioester- tion). In each case, the enzymatic oxidation product peak

Iinl_<ed en_antiomers of phenylthiazoline could not be separated,; o< collected and confirmed to be the expected thiazole or
using chiral TLC or HPLC methods. The_ related carboxy- oxazole by MALDI-MS. No EpoB-Ox-catalyzed oxidation
lates, though, could be separated on chiral TLC following ¢ ejther phenyithiazoline carboxylic acid or phenyithi-
mild hydrol_y3|s of the thioester bpnds at neutral pH ca'talyzed azolinyl-O-NAC was observed, revealing the importance of
by the excised EpoF TE domai@€). Such an analysis of o ihigester linkage for enzyme activity.

phenylthiazolinylSNAC revealed that we had prepared a .
racemic mixture of the substrate. Further experiments with ' N€ activity of EpoB-Ox was compared to that of full-
length EpoB in parallel time course assays. The turnover

EpoB-0x, detailed below, confirmed that only approximately = B
50% of the substrate was consumed even when the molarate of EpoB-Ox was very similar to EpoB, as seen in Figure
ratio of EpoB-Ox to substrate was 5:1. Therefore, we make 4B- Excision of Ox from EpoB does not appear to hinder its

the assumption in our kinetic analysis of EpoB-Ox and efficacy as a catalyst.
BImlll activity that only 50% of the substrate is actually Kinetic parameters for EpoB-Ox were determined with all
available for oxidase-catalyzed oxidation. three substrates and are listed in Tabl& values were in
Analysis was further complicated by the fact that phen- the low millimolar range for all substrates, not surprising
ylthiazolinyl-SNAC readily undergoes nonenzymatic epimer- since SNAC substrate mimics of acglpantotheinyl enzyme
ization at thea-carbon under the neutral pH buffer conditions were used. The fastest turnover of substrate occurred with
used for enzyme assays. The half-life of this process (127 methylthiazolinylSNAC, the closest model of the natural
+ 2 min) was measured by monitoring deuterium exchange substrate K. = 48.8 & 0.1 mirt). The rate constant
in D,O by NMR (data not shown). Similar experiments with measured for phenylthiazoling83NAC was almost an order
methylthiazolinylSNAC revealed that exchange for this of magnitude lower Kor = 7.7 &+ 0.8 minm?t), while
molecule was almost undetectable, with a half-life greater phenyloxazolinylSNAC was still lower by over an order
than 14 h. Additionally, no exchange was detected with of magnitude K.« = 0.55 + 0.1 mirrt). While alternate



Oxidase Domain Activity during Chain Elongation Biochemistry, Vol. 42, No. 32, 2003727

A B 20
(0] :o‘ o)
\(NJ)J\SNAC £ ° °
s o 15- .
< U]
=
(e} u:: . L]
‘<,N SNAC =10
5 o
s 3
N a = .
s 5L
b r S
—— 2 ?
| | |
0 50 100 150 200
Time (min)

@

L.

L] T
125 15
Retention time (min)

Velocity (nmol/min)

0 \ \ I I

0 10 20 30 40 50
Methylthiazolinyl-S-NAC (mM)
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or no catalyst (d) and incubatedrf8 h at 25°C prior to HPLC analysis. Authentic methylthiazol$INAC (e) is shown. Formation of
methylthiazolylSNAC catalyzed by Oxtg = 14.2 min) was validated by MALDI-MS ([Mt+ H]™: observed, 245.3; calculated, 245.3).
(B) Formation of methylthiazolyE&NAC over time as catalyzed by,8v EpoB (O) or 3uM EpoB-Ox @). (C) Michaelis-Menten analysis
used to determine kinetic parameters for EpoB-Ox with methylthiazoByAC. 3 uM EpoB-Ox was combined with increasing
concentrations of methylthiazolin@NAC in a total volume of 5Q:L. Error bars denote standard deviation.

Table 1: Kinetic Parameters for Thioester-Linked Substrate Mimics

Substrate K, mM) k, (min") k,/K,(mM'min') oxidase
o H
/kas/\/NW
— 3 4303  488£0.1 113+0.8 EpoB-Ox
Methylthiazolinyl-S-NAC 29+02 228 £0.5 79 +0.6 BlmlIII
2 H
@\(Nj)ks/\/N\[r
s o 21+£04 7.7+ 0.8 37+0.8 EpoB-Ox
Phenylthiazolinyl-S-NAC 1.5+£03 313+20 209 + 44 BImlIII
Q H
O~r >y
5 o 1.0+£03 055 +£0.1 055+02 EpoB-Ox
Phenyloxazolinyl-S-NAC 6.6+03 184 +0.8 28+02 BImlIII

substrates are tolerated by EpoB-Ox, they are processed lesthat only one enantiomer is oxidized (Figure 5A). Similar
efficiently. results were observed with phenyloxazoli/NAC (data
Enantioselectiity of EpoB-Ox.When incubated with a  not shown). EpoB-Ox catalyzes further conversion of phe-
racemic mixture of methylthiazoliny&NAC, EpoB-Ox nylthiazolinyl-SNAC (Figure 5B), but this is likely due to
catalyzes only about 50% conversion to thiazole product, concomitant nonenzymatic substrate epimerization as dis-
even with 5:1 excess of EpoB-Ox over substrate, suggestingcussed above. We were able to identify which phenylthi-
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Ficure 5: (A) Percent of methylthiazoliny&NAC oxidized over
time when incubated with a 5-fold excess of EpoB-Ox. (B) Percent
of phenylthiazolinylSNAC oxidized over time when incubated
with a 5-fold excess of EpoB-Ox. (C) Chiral TLC analysis of EpoB-
Ox enantioselectivity. Lane 1, phenylthiazolifsdNAC incubated
without catalyst, HPLC purified, and then incubated with TE to
cleave thioester; lane 2, phenylthiazolir¥NAC incubated with
EpoB-0x, purified, and then incubated with TE to cleave thioester;
lane 3, authentico-phenylthiazoline carboxylic acid; lane 4,
authenticL-phenylthiazoline carboxylic acid; lane 5, co-spotting
of lane 2 sample with authenticphenylthiazoline carboxylic acid;
lane 6, phenylthiazoliny®NAC incubated without catalyst, HPLC
purified, and then incubated with TE to cleave thioester; lane 7
phenylthiazolinylS-NAC incubated with BImlll, purified, and then
incubated with TE to cleave thioester; and lane 8, co-spotting of
lane 7 sample with authenti-phenylthiazoline carboxylic acid.

azolinyl-SNAC enantiomer was favored by EpoB-Ox in a
two-step process. First, phenylthiazolirsfNAC was incu-

bated for 15 min in the presence or absence of EpoB-Ox.

Remaining phenylthiazolinyg-NAC was separated from
oxidized product using HPLC, lyophilized to dryness, and

then subjected to mild thioester cleavage at neutral pH,

Schneider et al.

NAC under anaerobic conditions, resulting in a complete loss
of signal at 445 nm in the U¥vis spectrum of the sample,
corresponding to reduction and related loss of conjugation
within the isoalloxazine ring system of FMN (Figure 3B).
This loss of signal persisted while the cuvette was kept closed
to air. Once the cuvette was reopened, -UNs spectra
collected over time indicated a gradual increase in signal at
445 nm, reflecting reoxidation of FMN that was contingent
on the presence of molecular oxygen. These results confirm
our proposal that electrons flow from the substrate to FMN
and that FMN is regenerated through the reduction of
molecular oxygen.

Using a tandem horseradish peroxidase as88y, (ve
were unable to detect J, release although substrate
oxidation did occur under these assay conditions as measured
by HPLC. We also assessed the production of superoxide
using 2,3-bis-(2-methoxy-4-nitro-5-sulfophenybi2etrazo-
lium-5-carboxanilide (XTT), a tetrazolium dye that is reduced
by superoxide31). Reduced XTT was detected spectropho-
tometrically in EpoB-Ox assays, and the formation of reduced
XTT was inhibited by approximately 63% in the presence
of superoxide dismutase (data not shown). These results
suggest that a significant fraction of oxygen reoxidation is
mediated through superoxide production in this in vitro
system.

Enzymatic Actiity of Blmlll. The oxidase activity of
BImlll had not been detected during prior investigations of
the enzyme Z2). With the thioester-linked substrates pre-
pared for EpoB-Ox activity measurements, we were able to
measure the activity of BImlll as well. Bimlll also catalyzed
the oxidation of the three substrates discussed above, as
detected by HPLC and confirmed by MALDI-MS (Support-
ing Information). In assessing the kinetic parameters of the
enzyme, we found some different substrate preferences
between BIimlll and EpoB-Ox (Table 1). Here, the fastest
turnover was observed with phenylthiazolirsfNAC (Kcat
= 313 + 20 mint), while methylthiazolinylSNAC was
over an order of magnitude slowég¢{= 22.84 0.5 mir1).
Perhaps the phenyl substituted thiazoline is a better mimic
of the proposed natural acylbithiazoline moiety bound to
BImlll. Further experiments indicated that Bimlll, like EpoB-

catalyzed by the EpoF TE domain. The resulting carboxylates Ox, shows substrate preference for thghenylthiazolinyl-

could then be resolved on chiral TLC. In reactions with
EpoB-Ox present, onlp-phenylthiazoline carboxylate was
detected while both- and p-phenylthiazoline carboxylate

remained when EpoB-Ox was absent (Figure 5C). Thus, we

find that EpoB-Ox preferentially catalyzes the oxidation of
L-phenylthiazolinylSNAC. This result is expected since the
adenylation domain of EpoB is specific forcysteine, and
L-phenylthiazolinylS-EpoB is the likely cyclodehydration
product fromc-cysteine.

Role of FMN CofactorWe expect that the FMN bound

SNAC enantiomer (Figure 5C).

DISCUSSION

Five-membered heterocycles are inserted into peptide
chains in a number of NRP-derived natural products. This
is also true for PK/NRP hybrids, including the antitumor
agents epothilone and bleomycin. In general, the conversion
of acyclic amide (PK/NRP hybrids) or peptide (NRP)
structures to their heteroaromatic counterparts is in part

by the Ox domain undergoes a two electron reduction when utilitarian as it radically decreases the susceptibility of these

the substrate is oxidized, giving FMNHWhile the physi-
ological electron acceptor is not yet known, it is likely that
molecular oxygen would mediate reoxidation of FMjH
giving FMN and HO, or superoxide in these in vitro assays.

natural products to proteolysis and degradation. The presence
of heterocycles can also impact the bioactivity of natural
products. In epothilone, the thiazole ring is an important
determinant of its microtubule-stabilizing activity and thereby

To test these hypotheses, we executed the EpoB-Ox assajts antitumor action 32—34). The bithiazole moiety in

under anaerobic conditions. EpoB-Ox and methylthiazolinyl-

bleomycin is thought to be a DNA intercalator, accounting

SNAC were placed in separate parts of an anaerobic cuvette for the binding of the drug to DNA3J5, 36). Additionally,
The cuvette was repeatedly evacuated and flushed with argontelomestatin, thiostrepton, and GE 2270 are known poly-

EpoB-Ox was combined with excess methylthiazoliByl-

thiazole- and polyoxazole-containing NRP natural products
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mycin synthetase, was expressed in a soluble, active form
as well. BImlll is composed of an inactive adenylation
domain, thiolation domain, and an Ox domain with signifi-
cant homology to the EpoB Ox domain. Additional efforts
focused on the generation of thiazolinyl-thioester substrates
for the two oxidases. In epothilone biogenesis, the thiazole
is formed early in chain elongation, in module 2 of 10, so
the acyl chain at that point is simply methylthiazolinyl, as
shown in Figure 215). In bleomycin, though, the bithiazole

is formed late in the multistage cascade of elongating acyl
enzyme intermediate8), and the relevant bithiazolinyl acyl
chain is not readily available. Perhaps more challenging than
the formation of the acyl chain portion of the substrate would
be tethering these acyl groups via pantotheinyl prosthetic
groups to T domains embedded in multidomain subunits. In
EpoB, a 150 kDa protein, the substrate for the Ox domain
is the methylthiazolinys-pantetheinyl-T domain within the
same subunit, just downstream of the Ox domain. Similarly,
in BImIll, a covalently attached acylbithiazoling-
pantetheinyl-T domain substrate would form part of a 100

that target telomeres, ribosomes, and the EF-Tu complex,kDa protein. Even if catalysis were detectable, the thiazole

respectively 87—39). All of these examples suggest that the

products would still be covalently connected to the T domain

introduction of oxazole and thiazole rings creates important in the enzyme modules, and only single turnover assays could
steric constraints and pharmacophores in many naturalbe achieved.

products.

Our approach toward more tractable substrates was to

Because of the functional roles for these heterocycles in simplify the S-pantotheinyl-protein portion of the substrate

natural product bioactivity, it is important to study their mode
of biosynthesis. While a ribosomal peptide, Microcin B17,

to N-acetylcysteamine, which has been used as a surrogate
in several other NRPS and PKS studi@$, (28, 43). We

has eight such heterocycles, most examples of these heterowere able to make methylthiazolinyl-, phenylthiazolinyl-, and

cyclic compounds are made by multimodular NRPS as-

sembly lines 40). The primary cyclic product is at the
dihydro oxidation state, with thiazolines derived from

phenyloxazolinylSNACs and show that they functioned as
multiple turnover substrates for the isolated Ox domain of
EpoB as well as full-length BImlIl. While one cannot expect

cysteine cyclization and oxazolines from serine or threonine to learn much about affinity with such truncated thiazolinyl
cyclization. The dihydroheterocycle can then be elongated and oxazolinyl thioesters, thk.,; values and thék.a/Knm

by subsequent modules or be reduced or oxidized enzymaticatalytic efficiency ratios should be good indicators of
cally (Figure 6). Reduction by tailoring enzyme domains uses oxidase domain capacity. Preliminary data suggest that the

NADPH, while oxidation requires the FMN cofactor. The
thiazoline to thiazolidine reductions of thiazolinglpan-

full-length EpoB module is able to form a methylthiazolyl-
SEpoB product at a rate of about one per second (personal

totheinyl intermediates by NADPH-mediated hydride transfer communication, S. E. O’Connor). This turnover number is
are catalyzed by reductase domains acting in trans, as seein the same range as that measured for EpoB-Ox with

with YbtU in the production of yersiniabacti2@) and PchG
in pyochelin formation 19). The thiazoline to thiazole
oxidations of thiazolinylS-pantetheinyl intermediates are

methylthiazolinylSNAC (Kot = 48.8 £ 0.1 mir?).
These results validate that the excised Ox domain from
EpoB catalyzes thiazolinyl-thioester to thiazolyl-thioester

catalyzed by oxidase domains acting in cis. While the conversions. In epothilone fermentations, one of the minor
mechanism of this oxidation process remains to be addressedvariants shows the thiazole replaced by oxazole, so one
the reaction has a clear analogy to the oxidation of dihy- would anticipate that the EpoB Ox domain should be able

droorotate to orotate observed in pyrimidine biosynthesis,

to oxidize oxazolinyl-thioesters. This was observed here at

where an FMN cofactor-mediated redox step goes via areduced catalytic efficiency, consistent with low yields of

proton/hydride mechanism4). It is also analogous to

oxazole product in vivo. The relative energy barriers for

reactions of FAD-containing acyl CoA dehydrogenases in thiazoline versus oxazoline oxidation are not known, although
which thea-hydrogen of the substrate thioester is activated it is established that thiazoles are more stable than oxazoles,

for proton abstraction, preparing the system fehydride
transfer to the flavin42). Indeed, incubation of methylthi-
azolinyl-SNAC with EpoB-Ox under anaerobic conditions
produces the FMNKHEpoB-Ox form of the catalyst. The
FMNHz is then regenerated by.(Calthough it is not known
if O, is the physiological electron acceptor in vivo.

The goal of this study was to deconvolute thiazoliSyl-
enzyme oxidation. To this end, the Ox domain from EpoB

exhibiting a higher degree of aromaticity4). Also, the
lower kinetic acidity of the phenyloxazoling8-NAC a-hy-
drogen as compared with phenylthiazolil§NAC is con-
sistent with a higher energy barrier to carbanion formation,
the proposed initial step in the oxidase mechanism. Further
work is needed to fully deconvolute the reason for the
observed difference in product formation.

BImlIll was likewise shown to have thiazoline to thiazole

of epothilone synthetase was expressed in a form that foldsand oxazoline to oxazole activity when assayed with SNAC-
autonomously and retains bound FMN coenzyme. Another linked substrates. The question of whether BImlll works to

Ox-containing NRPS module, full-length BImlll from bleo-

oxidize both of the tandem thiazolinyl rings anticipated
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during bleomycin chain elongation is an interesting one.
Sequence analysis of the bleomycin gene cluster has sug-
gested that bleomycin biosynthesis proceeds via a tandem ,;
bithiazolinyl-S-BImlll intermediate 8). Since BImlll contains

the only NRPS Ox domain in the gene cluster, it seems 12.

possible that it would catalyze the dual oxidations. It has
also been proposed, though, that a second oxidase exists;5
within the gene cluster with high homology to copropor-
phyrinogen Il oxidases rather than NRPS oxidagsl(is
therefore conceivable that the second oxidation in bleomycin
formation is catalyzed in a later step, following release from
the NRPS assembly line. It would be interesting to probe
this question that has relevance to the timing of multiple
ring heteroaromatizations in polythiazole natural products.
The initial studies described here, validating flavoprotein
oxidase activity on thiazolinyl thioester model substrates

presented in trans, form the basis for subsequent analysis of 19.

how Ox domains work on thiazolinyd-pantotheinyl-T
domains installed in cis. The EpoB and BImIll domain

organizations suggest that oxidase domains can be upstreamp1.

or downstream of the T domains presenting thiazoliyl- 22
pantotheinyl chains for oxidation. This indicates that Ox-T
and T-Ox pairs may be portable to other Cy-containing
modules in NRPS assembly lines, thereby routing thiazolinyl-
and oxazolinylS-enzyme intermediates to aromatic hetero-

cycle oxidation states.

26.
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