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Abstract: The calcium-dependent antibiotics (CDAs) and daptomycin are therapeutically relevant non-
ribosomal lipopeptide antibiotics that contain penultimate C-terminal 3-methyl glutamate (3-MeGlu) residues.
Comparison with synthetic standards showed that (2S,3R)-configured 3-MeGlu is present in both CDA
and daptomycin. Deletion of a putative methyltransferase gene gimT from the cda biosynthetic gene cluster
abolished the incorporation of 3-MeGlu and resulted in the production of Glu-containing CDA exclusively.
However, the 3-MeGlu chemotype could be re-established through feeding synthetic 3-methyl-2-oxoglutarate
and (2S5,3R)-3-MeGlu, but not (25,35)-3-MeGlu. This indicates that methylation occurs before peptide
assembly, and that the module 10 A-domain of the CDA peptide synthetase is specific for the (2S,3R)-
stereoisomer. Further mechanistic analyses suggest that GImT catalyzes the SAM-dependent methylation
of a-ketoglutarate to give (3R)-methyl-2-oxoglutarate, which is transaminated to (2S5,3R)-3-MeGlu. These
insights will facilitate future efforts to engineer lipopeptides with modified glutamate residues, which may
have improved bioactivity and/or reduced toxicity.

Introduction nonribosomal lipopeptide group of antibiotics, including dapto-
mycin, which recently became the first new structural class of

metabolites that display a wide range of biological activities naturally derived antimicrobial_agents to _reach the clinic in over
and include a number of important therapeutic agéftseir 30 years: CDAs and daptomycin, along with the related A54145

structural complexity stems from the wide range of building IPoPeptides; all possess N-terminal fatty acid side chains and
blocks, which are utilized in their construction. In addition to Share several common amino acids, including acidic residues
proteinogenic amino acids, nonribosomal peptides can contain”SP; Glu, and 3-methylglutamic acid (3-MeGlu), some of which
many unusual amino acids, fatty acids, polyketide moieties and 2 conserved at the same relqtlve posn!ons in the decapeptlde
are often glycosylated. By understanding the biosynthetic origins lactone cores. These acidic residues are important for coordinat-

of these building blocks and their mode of assembly, it is N9 calcium ions, which are essential for antimicrobial activity.

envisaged that new methods might be developed for engineeringCDAS and A54145 are each produced as mixtures of lipopep-

the biosynthesis of new nonribosomal peptides with improved tides. possessing either Glu or 3-MeGlu as the penultimate

biological activities? C-terminal residue, which are often difficult to separate. In
With this in mind, we have been investigating the biosynthesis A4145” and daptomycifl,the 3-MeGlu-containing variants

of the calcium-dependent antibiotics (CDAs) produced by are more pote_nt_ antibiot_ics than the Glu v_aria_mts. However,
Streptomyces coelicoldr.CDAs (Figure 1) belong to the 3-MeGIu-cont§u_n|ng pe_ptldes have more t_oxu; side effe_cts than
the Glu-containing varian®®. Therefore, it is highly desirable

T'School of Chemistry. to develop methods for engineering the biosynthesis of these
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Figure 1. The calcium-dependent antibiotics (CDAs) and daptomycin. The CDA structural variants that are known to be produced by the Sild-type
coelicolofare as follows: CDA1, R= OPQH,, Rio = H; CDA2, Ry = OPQ:Hy, Rig = CHg; CDA3, Ry = OH, Rio = H; CDA4, Ry = OH, Ryo = CH.
In addition the a-series contaiZsAtrp (Ri1 = z-bond) and the b-series containgrp (Rix = H,H) at position 11.

3-MeGlu, or Glu analogues (including stereocisomers); conse- further explore the in vivo specificity of the corresponding
quently, new therapeutically relevant lipopeptides with increased A-domain of module 10 responsible for incorporation of Glu/
activity and reduced toxicity could be biosynthesized. To achieve 3-MeGlu into CDAs.
this, it is first necessary to elucidate the biogenesis of 3-MeGlu,
within CDAs, and further explore how the adenylation domain Results and Discussion
(A-domain) of thg_n_onribosomal peptide synthetase (NRPS) Synthesis of (,3R)- and (25,35)-Methyl Glutamic Acid.
governs the specificity for Glu and 3-MeGlu. Previous work demonstrated that the 3-MeGlu in CDA was the
Previously, we identified gene SCO3215 within thda L-isomer? which is consistent with the absence of an epimer-
biosynthetic gene cluster, which was tentatively suggested t0jzation (E) domain within the CdaPS3 module3t@urthermore,
encode a glutamate-3-methyltransferase (Gitased onthe  the stereochemistry of the 3-MeGlu residue of daptomycin was
IOW, but Signiﬁcant, sequence Slmllal‘lty between the SC03215 inferred to be the-threo- or (25’3R)_stereoisomer through the
gene product and other methyltransferases. Additionally, the stereospecificity of two enzymes, glutamine synthase and
amino acid specificity-conferring codéor the active site of  glytamate decarboxyladéThe high protein sequence similarity
the CdaPS3 module 10 A-domain is unlike other Glu-activating of the putative methyltransferases (GImT, Dptl, and Lptl) and
domains, suggesting that this A-domain may have evolved the corresponding active sites of the A-domains for Glu/3-
SpeCIfICIty for 3-MeGlu as well as GR# This alternative MeGlu from thecda dpt’ andlpt gene C|ustersl respective|y, is
A-domain specificity suggests that methylation of Glu occurs strongly suggestive that the 3-MeGlu residues in CDA and the
before peptide assembly. GImT was thus predicted to catalyzeother lipopeptides will possess identical absolute configuration.

the direct methylation of Glu to give 3-MeGHa.In a model However, it is well established that enzyme stereospecificity
metabolic flux analysis of CDA productidhwe also considered  ¢an pe completely inverted by as few as two point mutatiéns,
the possibility that GImT may alternatively methylateketo- or in some cases simply by changing the medium surrounding
glutarate, leading to 3-methyl-2-oxoglutarate, which is then the enzymé?2 Therefore, an unambiguous stereocontrolled
transaminated to 3-MeGlu. synthesis of (83R)- and (539-3-MeGlu diastereoisomers was

Upon completion of the work described here, the sequence developed for comparison with the natural 3-MeGlu derived
of the gene clusters of daptomycin frofitreptomyces roseo- by hydrolytic degradation of CDAs and daptomycin. These
sporug? and A54145 fromStreptomyces fradid&were pub- synthetic compounds are also potentially valuable for subsequent
lished, and genedptl andlptl, which showed similarity tgimT, experiments aimed at dissecting 3-MeGlu biosynthesis and the
were identified. Additionally, the amino acid substrate binding in vivo specificity of the Glu/3-MeGlu-activating A-domain of
pockets of the A-domains responsible for activating 3-MeGlu CdaPS3. The synthetic route shown in Scheme 1 was designed
or Glu in the corresponding penultimate modules of the so that all four possible 3-MeGlu stereoisomers might be
daptomycin and A54145 NRPS (DptD and LptD) were shown prepared with complete stereocontrol, without recourse to
to be very similar in sequence to the module 10 A-domain of separation of diastereoisomers.

CdaPS3. This suggests a common mode of 3-MeGlu biosyn-
thesis and NRPS A-domain activation during the assembly of (9) Kempter, C.; Kaiser, D.; Haag, S.; Nicholson, G.; Gnau, V.; Walk, T.;
the three groups of lipopeptides. In this paper, we sought to Sheéli?gﬁ Ed;. %ﬁ%'fféé?'ééafggégiJ””Q' G.; Metzger, J.Aligew.

probe the biosynthetic origins of 3-MeGlu & coelicolorand (10) (a) Debono, M.; Barnhart, M,; Carrell, C. B.; Hoffman, J. A.; Occolowitz,
J. L.; Abbott, B. J.; Fukuda, D. S.; Hamill, R. . Antibiot. 1987, 40,
761-777. (b) Kagan, H. M.; Meister, ABiochemistry1966 5, 725—

(7) (a) Stachelhaus, T.; Mootz, H. D.; Marahiel, M. @8hem. Biol 1999 6, 732.
493-505. (b) Challis, G. L.; Ravel, J.; Townsend, C.@hem. Biol200Q (11) ljima, Y.; Matoishi, K.; Terao, Y.; Doi, N.; Yanagawa, H.; Ohta, Bhem.
7, 211-224. Commun 2005 877-879.

(8) Kim, H. B.; Smith, C. P.; Micklefield, J.; Mavituna, Metab. Eng2004 (12) Hirose, Y.; Kariya, K.; Sasaki, I.; Kurono, Y.; Ebiikea, H.; Achiwa, K.
6, 313-325. Tetrahedron Lett1992 33, 7157-7160.
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Scheme 1. Synthesis of (2S,3S)- and (2S,3R)-3-Methyl Glutamic
Acids?
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aConditions: (a) LDA, PhSeBr; (b) #D,, CHsCO;H; (c) CHaLi, Cu(l)l;
(d) TBAF, 20% CHCO,H; (e) NalQ,, RuCk; (f) LiOH; (g) 4 M HCl in
1,4-dioxane; (h) CkNy; (i) heat at 120°C; (j) Ha, Pt(IV)O..

was treated wit 4 M HCI in dioxane to remove the Boc group
and reveal the product §39)-methyl glutamic acid as the HCI
salt7. The optical rotation of the product was identical to that
reported previously for the same sterecisomer prepared by
alternative route$3a.

To prepare the opposite $3R)-methyl glutamic acid, the
intermediaten,-unsaturated lactar® was subjected to a 1,3-
dipolar cycloaddition with diazomethalteto generate the
pyrazoline8, as a single diastereoisomer. Thermolysis of the
pyrazoline ring® under solvent-free conditions gave tffe
methyl-a,f-unsaturated lactan®. Hydrogenation of9, at
atmospheric pressure, using Rt&» a catalyst gave thas-j3-
methyl lactam10. The absolute configuration 010 was
confirmed from NOESY NMR, which showed an NOE between
H5 and H4, but no NOE cross-peak was evident between H5
and thep-methyl protons, which is consistent with thoés-
stereochemistry as shown. In the case of the corresponding
trans-3-methyl lactam3, of known absolute configuration, the
opposite pattern of NOEs is evident with H5, showing an NOE
to the S-methyl protons but not to H4. Furthermore, in the
COSY spectra ofrans-methyl lactam3, there is no cross-
peak between H5 and H4, which is consistent with a dihedral
angle ¢) close to 90 as indicated from the crystal structuré.

On the other hand, the COSY spectraciH-5-methyl lactam

Asymmetric syntheses of 3-MeGlu diastereoisomers have 10show a clear cross-peak between H4 and H5, due to a smaller

been reported® The first approach utilized an ArndEistert

dihedral angle between H4 and H5 of ca?,38hich is predicted

homologation of (333)-3-methyl aspartate to generate the from energy minimized models of0 generated using bond

(2S3R)-3-MeGlul32 However, this synthesis is not easily
modified to prepare other sterecisomerspesubstituted ana-

angles and lengths extracted from the crystal structure of the
diastereoisomeB.'#¢ Desilylation of 10 and oxidation of the

logues. The second synthetic strategy utilized a Ni(ll) homo- alcohol 11 gave the acidl2, which was hydrolyzed and
chiral Shiff base of glycine in a diastereoselective conjugate sybjected to acidolysis, as described above, to giB3R)-
addition of ethyl crotonate, but this approach only produced methyl glutamic acidl4 as the HCI salt, which was identical

the (25,39-3-MeGlu, and in low yield:3° During the course of

by optical rotation to the same product produced by independent

our investigation, a third approach was reported that also routes!32cThe advantage of this synthetic route over the others
incorporated a homochiral glycinyl Schiff base in a conjugate reported? is that all four stereoisomers of 3-MeGlu can be

addition with ethyl crotonate to produce bothS@R)- and

produced from the common precurs@r or its available

(2539-3-MeGlu stereoisomers; unfortunately, the lack of enantiomer without the need to separate diastereoisomers. Also
complete stereocontrol required the tedious separation of py adding different alkyl cuprate reagentsit is possible to
diastereoisomerse¢ It was thus apparent that the development generate alternativeans5-alkylated lactams (analogous3j

of a new convergent synthesis to all possible sterecisomers ofsimilarly, synthetic methodology exists which would enable the
3-MeGlu was necessary. Ideally, this synthesis should be easilytransformation of2 into the oppositecis-g-alkylated lactams

modifiable allowing for the preparation of a variety fsub-
stituted Glu analogues.

Our synthetic approach begins with the known lacthit
which is derived fromL-pyroglutamic acid. Accordingly,
a-phenylselenation of the lactarh, followed by oxidative
elimination, via the selenoxide, results in thgd-unsaturated
lactam2, which is treated with lithium dimethyl cuprate to give
exclusively thetrans-methyl lactam3.24 The absolute con-
figuration of 3 was previously confirmed by X-ray crystallog-
raphy!“¢ Removal of the silyl protecting group and oxidation
of the alcohol4 gave the acicb. Hydrolysis of the lactanb
with aqueous LiOH followed by acidification and extraction
into diethyl ether gave the Boc-protected free aBjdvhich

(13) (a) Hartzoulakis, B.; Gani, 0. Chem. Soc., Perkin Trans1994 2525-
2531. (b) Soloshonok, V. A.; Cai, C.; Hruby, V. J.; Meervelt, L. V.;
Mischenko, N.Tetrahedron1999 55, 1203+12044. (c) Wehbe, J.;
Rolland, V.; Roumestant, M. L.; Martinez, Jetrahedron: Asymmetry
2003 14, 1123-1126.

(14) (a) Woo, K.-C.; Jones, KTetrahedron Lett1991, 32, 6949-6952. (b)
Herdeis, C.; Hubmann, H. Fletrahedron: Asymmetr§992 3, 1213-
1221. (c) Herdeis, C.; Hubmann, H. P.; Lotter, Feétrahedron: Asymmetry
1994 5, 351-354.
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(analogous td.0).16

Assignment of the Absolute Stereochemistry of 3-MeGlu
in CDA and Daptomycin. With the synthetic (339)- and
(2S,3R)-3-methyl glutamic acids in hand, it was possible to
establish the configuration of the natural 3-MeGlu derived from
CDA. Accordingly, a pure sample of CDA4a, which is known
to contain 3-MeGIl#2°was hydrolyzed with aquess M HCI,
and the hydrolysate was derivatized with dabsyl chlotide,
which facilitates improved retention and separation of the amino
acid derivatives on reverse phase HPLC. This allowed identi-
fication of all the dabsylated amino acids from CDA, except
(2)-dehydrotryptophan, which presumably undergoes further
hydrolysis to indolepyruvate. Conditions for the separation of
the synthetic dabsylated$3S)- and (& 3R)-3-methyl glutamate
diastereoisomers on reverse phase were then established. This
showed that the @39)-dabsyl derivative has a retention time

(15) (a) Hanessian, S.; Murray, P.10.0rg. Chem1987, 52, 1170-1172. (b)
Tomioka, K.; Sato, F.; Koga, KHeterocyclesl982 17, 311-316.

(16) Matsuo, J.-I.; Aizawa, YChem Commur2005 2399-2401.

(17) Kim, T.-Y.; Kim, H.-J.J. Chromatogr. A2001, 933 99-106.
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Figure 2. Assignment of the absolute stereochemistry of 3-MeGlu in CDA.
(A) LC-MS of the dabsylated amino acid derivatives derived from acidic
hydrolysis of CDA4a. (B) Expansion of the mass extracted chromatogram
identifies the 3-MeGlu derivative with a retention time of 9.8 min. (C)
Extracted mass chromatogram of the synthetic derivatized stand&8S){2

and (B 3R)-MeGlu. Spiked mixtures show that the natural 3-MeGlu is the
(2S3R)-diastereoisomer with retention time of 9.8 min as opposed to the
(2S5,39)-diastereoisomer, which has a longer retention time of 10.2 min.
(D) MS of the peak 9.8 minm/z 449.0, corresponds to [M- H]* ion of
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Figure 3. LC-MS analysis of theAgimT and recomplementation with
synthetic precursors. (A) Chromatogram of extracts from the wild-type strain
MT1110. MS of the peak at 7.1 and 7.2 min gaw& 1480.8 and 1494.8
corresponding to CDA3a and CDA4a [M H]* ions, respectively. The
corresponding sodiated and potassiated molecular ions are present and
consistent with this. (B) LC-MS of thAgimT mutant showed only (cross
sign) CDA3a (7.1 minm/z 1481.2 [M+ H] ™). (C) Chromatogram obtained
after the exogenous supply of 3@@/mL (2S3R)-3-MeGlu to theAgimT
mutant. Shows peaks at both 7.1 and 7.2 min consistent with production of
CDA3a and CDA4a. (D) The mass spectra for the peaks (at 7.1 and 7.2
min) obtained from feeding &3R)-3-MeGlu toAgImT (chromatogram C)
show expected molecular ions for CDA3a (1481.0 fivH]*, 1503.0 [M

dabsylated 3-MeGlu. Cross sign is the unassigned degradation side products Nal*, 1519.0 [M+ K]*) and CDA4a (1495.0 [M+ H]*, 1517.0 [M+

impurities.

at 10.2 min, with the (3 3R)-diastereoisomer at 9.8 min (Figure
2). Comparing the LC-MS chromatographs of the derivatized

NaJ*, 1533.0 [M+ K]*). (Cross sign) The peak at 6.7 min AgimT (B)

and (C), but also evident to a much lower extent in the wild-type,nifas
1499.5, which corresponds to the [MH]* for a postulated linear form of
CDA3a, which is proposed to arise from hydrolysis of the lactone ring or
failure of the thioesterase domain to effect complete cyclization. Similar
byproducts have been identified during production of daptomycin and other

hydrolysate with that of synthetic standards established that thelipopeptidest

3-MeGlu residue in CDA4a has $3R)-absolute configuration.
Similar hydrolysis, derivatization, and LC-MS analysis of
daptomycin demonstrated that the sanm®3R)-3-MeGlu is also

present within daptomycin. This agrees with the earlier assign-

ment that was inferred from the stereospecificity of glutamine
synthase and glutamate decarboxylé&and further suggests
a common mode of biosynthesis for 3-MeGlu in $iecoelicolor
andS. roseosporuproducer strains.

Deletion of theglmT Gene and Recomplementation with
Synthetic (25,3R)-3-MeGlu. To probe the biosynthetic origins
of (253R)-3-MeGlu in CDAs, a mutant strain &. coelicolor
(AglmT) was generated, which contained an in-frame deletion
within theglmTgene. Accordingly, a DNA fragment of ca. 2.0
kb incorporating 396 bp of the downstream endgbhT and
the adjacent SCO3214rE2) gene and a fragment of ca. 1.5
kb including 4 bp of the upstream endg@mTand the flanking

recombination and subsequent screening of second crossover
recombination event® resulted in the mutant straingimT.
The wild-type MT1110 strain was chosen as a host for these
experiments because this strain tends to produce nonphospho-
rylated CDAs®@ which aids LC-MS analysis. In addition, the
MT1110 strain is more easily cultivated than the more widely
usedsS. coelicolor2377.

The MT1110 wild-type anchgimT mutant strains were grown
in liquid culture under conditions that favored production of
(2)-dehydrotryptophan-containing CDA. The cells were har-
vested by centrifugation, and the supernatants were analyzed
by LC-MS32This showed that the wild-type MT1110 produces,
as the major product, CDA4a that contains 3-MeGlu along with
a minor amount of the Glu variant CDA3a (Figure 3). In
contrast, the mutamhglmT produces only the Glu-containing

SCO3216 gene were generated by PCR. These fragments werg€pA3a, with no MeGlu-containing CDAs evident. Indeed,

first ligated into plasmid pMT3000 cloned and then re-isolated
from E. coli. The resulting 3.5 kb in-frame deletion fragment
(missing 615 bp o§ImT) was digested from pMT3000 and sub-
cloned into the plasmid pMAH (see Supporting Information
for more details). Transformation &. coelicolorMT1110°
protoplasts with the resulting plasmid, followed by homologous

(18) Bucca, G.; Brassington, A. M. E.; Hotchkiss, G.; Mersinias, V.; Smith, C.
P. Mol. Microbiol. 2003 50, 153-166.
(19) Hindle, Z.; Smith, C. PMol. Microbiol. 1994 12, 737—745.

repeated fermentation and analysisAgImT under a variety

of conditions clearly reveals the complete absence of any
3-MeGlu-containing CDAs. While this supports the hypothesis
that the gene product GImT is a methyltransferase involved in
the biosynthesis of 3-MeGlu residues in CDA, these results do
not reveal any information about the timing of the methylation
per se. To determine the order of the steps on the pathway, the
synthetic (&3R)-3-MeGlu natural stereoisomer was fed in
increasing concentrations to thglmT mutant during fermenta-

J. AM. CHEM. SOC. = VOL. 128, NO. 34, 2006 11253
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Figure 4. Comparison of the antimicrobial activities of Glu-containing
CDAS3a and 3-MeGlu-containing CDA4a. Bioassays were carried out as
described previous# using M. luteusas the indicator strain. Equimolar
solutions of CDA3a and CDA4a in deionized water (G@in 100uL 1)
were added to the 5 mm left- and right-hand wells, respectively. (A) In the
presence of G4 (16 mM), zones of inhibitions for CDA3a and CDA4a
are ca. 1.5 and 2.5 cm, respectively. (B) In the absence &f, @a zones
were evident.

tion. LC-MS analysis clearly shows that upon the addition of
as little as 5Qug mL~* of (25,3R)-3-MeGlu the mutanAgimT
reverts to wild-type phenotype and produces both MeGlu-
containing CDA4a as well as Glu-containing CDA3a (Figure
3). In contrast, the feeding of £39)-3-MeGlu to theAgimT
strain, at relatively high total concentration of 306 mL™4,
had no effect on the production of CDAs; no MeGlu-containing
lipopeptides were evident by LC-MS. This indicates that, in

11254 J. AM. CHEM. SOC. = VOL. 128, NO. 34, 2006

Scheme 2. Synthesis of 3-Methyl-2-oxoglutarate and Racemic
3-Methyl Glutamic Acids?@

CO,CHg
CHs

CO,CHs
a CH,

—_—

X _CH
H30020/\/ 3
15 +

0,N” > CO,CH;,
16

O,N” >CO,CHg
nghl

L
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rac-7114 19R = CHy
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a Conditions: (a) DBU; (b) CEONa in CHOH; (¢) TiClb—CH3;CO,NH4
and ag. HCPO (d) HCI-CH3;OH then HCOH-H,0; (e) aq. NaOH; (f)
Raney Ni; (g) (BogyO, 4-DMAP, EgN; (h) LiOH; (i) 4 M HCl in 1,4-
dioxane.

addition to Glu, the enzyme CdaPS3 is able to activate and
incorporate the natural §3R)-3-MeGlu, but not the (839)-
diastereoisomer, which demonstrates that methylation of Glu,
or its precursor, occurs before peptide assembly. The ability of
the A-domain of CdaPS3 module 10, and to lesser extent the
adjacent condensation (C)-domains, to discriminate between the
diastereoisomers is unlikely to be fortuitous. Indeed, this
selectivity is probably a consequence of the A-domain having
evolved specificity for (3,3R)-3-MeGlu from an ancestral Glu-
activating A-domain.

By using this knockout strategy and recomplementation with
synthetic (&,3R)-3-MeGlu, it is now possible to control the
functionality of the penultimate residue in CDAs. To demon-
strate the importance of this biosynthetic control, we isolated
pure samples of CDA3a and CDA4a and subjected them to well-
plate bioassay usiniglicrococcus luteugs the indicator strain
(Figure 4). The resulting zones of inhibition indicate that, like
daptomycin and A54145, the 3-MeGlu-containing CDA4a
sample is more active than the Glu variant.

Recomplementation of AgImT with Racemic 3-MeGlu
Diastereoisomers and 3-Methyl-2-oxoglutarate While the
results described above show that the GImT is involved in the
biosynthesis of the 3-MeGlu residue in various CDAs, and that
the methyl group is introduced before peptide assembly, the
nature of the substrate for GImT is not necessarily apparent.
Either L-Glu is methylated directly to @3R)-3-MeGlu or,
alternatively, the precursar-ketoglutarate is first methylated
to (3R)-methyl-2-oxoglutarate and then transaminated £3(-
3-MeGlu. To explore which of these scenarios is most likely,
we synthesized 3-methyl-2-oxoglutarate (Scheme 2). This
involved the Michael addition of methyl crotonaté with the
methyl nitroacetatel6 enolate anion to givel7. A Neff
reactiorf? catalyzed with Ti({ in an aqueous solution of HCI
gave a mixture of the oximé&8 and the ketonel9. Further
selective acidic hydrolysis of the oxime gave more ketb8e
which was subjected to saponification, resulting in the 3-methyl-
2-oxoglutarate20 as the disodium salt. Also, using the nitro
intermediatel 7, all four possible stereoisomers of 3-MeGlu were
prepared as a mixture by hydrogenation of the nitro group to
the corresponding amine. Boc protection and basic hydrolysis
then gave a racemic mixture 6f13, which was treated with 4

(20) McMurry, J. E.; Melton, JJ. Org. Chem1973 38, 4367—4373.
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Figure 5. (A) Possible mode of biosynthesis 0f§23R)-3-methyl glutamic acid irS. coelicolor (B) (S)-adenosylmethionine-dependent methylation of
indolepyruvate during indolmycin biosynthed.(C) Formation of a Schiff base between Glu and PLP could also facifftabethylation of Glu in CDA
biosynthesis. Abbreviations: GImT, glutamate- or 2-oxoglutarate-3-methyltransferase pifative aminotransferase enzyme or associated activity; SAM,

(9-adenosylmethionine; SAHS(-adenosylhomocysteine.

M HCI in dioxane to give a racemic mixture of 3-MeGlu
diastereoisomersdc-7/14).

The racemic mixture of 3-MeGlu diastereocisomees{(7/14)
was then fed to thdglmT mutant strain. As expected, this re-
established the production of CDA4a containing 3-MeGlu.
However, in addition to the identification of CDA3a containing
Glu, a third product with identical molecular weight to CDA4a
(m/z 1495 [M + H]*), but with a slightly different retention
time, was repeatedly observed by LC-MS. This third product
was not present in either feeding experiments witB 3R)- or
(2539-3-MeGlu, which suggests that one of thé{2VleGlu

ubiguinone methyltransferases (UbiE), and other typical SAM-
dependent methyltransferases. Most SAM-dependent methyla-
tion reactions occur with inversion of configuration at the methyl
group, which is consistent with the attack of the SAM methyl
group by a nucleophilic substrate in ag2Slike mechanisni?

The similarity between GImT and a typical SAM-dependent
methyltransferase would therefore suggest th&etoglutarate

is an electronically more plausible substrate. Clearly the
formation of a resonance-stabilized nucleophilic enolate or enol
form of a-ketoglutarate in the active site of GImT is entirely
feasible (Figure 5A). A mechanistically similar SAM-dependent

diastereoisomers in the racemic mixture is also incorporated into methylation of the relatedi-keto acid, indolepyruvat@l, to

the CDA pool, likely to include a CDA4a diastereoisomepi
CDA4a). While the scale of the feeding experiments and
difficulty of HPLC separation prevented the isolation and more
detailed characterization of the purported new prodeut

give thef-methyla-keto acid22is also known to occur during
the biosynthesis of indolmycin (Figure 58F On the other
hand, the direct SAM-dependefitmethylation of Glu, by the
typical mechanism, would require the formation of a highly

CDA4a, this finding suggests that future mutasynthesis of CDA unstable5-anion, which is much less likely. There is, however,

analogues may be viable with as well as -glutamate analogues.
Following this, 3-methyl-2-oxoglutarat2O was fed to the
AgImT mutant strain. LC-MS analysis of the culture supernatant,

a group of unusual methyltransferases from the radical SAM
superfamily32 which utilize methylcoblamiff¢ to transfer
methyl groups to non-nucleophilic sites, possibly by a radical

after 6 days growth, revealed that by feeding increasing amountsmechanisni3d Despite this, GImT shows no sequence similarity

of 20 (between 0.46 and 2.25 mg mi) the biosynthesis of
3-MeGlu-containing CDA4a is initiated. The higher concentra-
tions of 3-methyl-2-oxoglutarat20 compared with that of
(2S,3R)-3-MeGlu required to bring about CDA4a production

with and lacks the conserved CxxxCxxC motif common to the
proteins in the radical SAM superfam#§@bThus, the evidence
presented here, combined with simple mechanistic consider-
ations based on early wofk23suggests that GImT is likely to

could be due to competing metabolism or poorer cellular uptake. catalyze the SAM-dependent methylationoeketoglutarate to

On the other hand, &3R)-3-MeGlu could enter the cell via

specific glutamate or nonspecific amino acid uptake mech-

anisms?! Despite the higher concentrations of 3-methyl-2-

give (R)-methyl-2-oxoglutarate.
There are several ways in whichRBmethyl-2-oxoglutarate
might be subsequently transformed t&@R)-3-MeGlu. First,

oxoglutarate required to re-establish CDA4a production, thesea PLP-dependent aminotransferase could transfer the amine

results suggest that 3-methyl-2-oxoglutarate is a possible

precursor of the (83R)-3-MeGlu residue in CDAs. Indeed,
analysis of the GImT protein sequence reveals a putaSye (
adenosylmethionine (SAM) binding site and similarity to

(21) (a) Gross, W.; Ring, KBiochim. Biophys. Actd971, 233 652-665. (b)
May, W. S.; Formica, J. VJ. Bacteriol.1978 134, 546-554.

(22) (a) Floss, H. G.; Lee, &cc. Chem. Re4993 26, 116-122. (b) Mascaro,
L.; Hoerhammer, R.; Eisenstein, S.; Sellers, L. K.; Mascaro, K.; Floss, H.
G.J. Am. Chem. Sod.977, 99, 273-274.

(23) (a) Sofia, H. J.; Chen, G.; Hetzler, B. G.; Reyes-Spindola, J. F.; Miller, N.
E. Nucleic Acids Re2001, 29, 1097. (b) Westrich, L.; Heide, L.; Li, S.-
M. ChemBioChem2003 4, 768-773. (c) Seto, H.; Kuzuyama, Nat.
Prod. Rep.1999 16, 589-596. (d) Mosimann, H.; Katler, B. Angew.
Chem., Int. Ed200Q 39, 393-395.
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group from an amino acid donor toRgmethyl-2-oxoglutarate. of Glu- and MeGlu-containing peptides $ coelicolor Indeed,
Apart from the specific 4-hydroxyphenylglycine aminotrans- a similar approach might be used to control the functionality
ferase (HpgT encoded by SCO322T)here are no other genes  of penultimate residues in daptomycin and A54145. This is
in the cda biosynthetic gene cluster, which encodes proteins important because we have demonstrated that, like daptomycin
that are similar to known aminotransferases. There are, howeverand A54145, the presence of a 3-MeGlu rather than Glu as the
numerous PLP-dependent aminotransferaseS.igoelicolor penultimate C-terminal residue of CDA leads to increased
which are predicted to transfer the amine group from various antimicrobial activity.
amino acid donors ta-ketoglutarate to form-Glu and various Interestingly, feeding a racemic mixture of all four 3-MeGlu
o-keto acids [http://streptomyces.org.uk/]. Any number of these stereoisomers led to the production of a new product, which is
enzymes could potentially transaminat®)3nethyl-2-oxoglu- predicted to be arepiCDA4a containing an unnatural-
tarate. Indeed, from the point of view of economy, it is tempting configured 3-MeGlu residue. We have also synthesized racemic
to suggest that such an aminotransferase activity might utilize 3-methyl-2-oxoglutarate and showed that addition of this
L-Glu as the amino donor, which would replenish the supply of compound to the\glmT mutant re-establishes the biosynthesis
o-ketoglutarate for subsequent methylation by GImT (Figure of 3-MeGlu-containing CDA4a. From this analysis and earlier
5A). A similar cyclic pathway is proposed that utilizes tyrosine mechanistic studies, we suggest that GImT is likely to be a
as the co-substrate of HpgT in the biosynthesis of 4-hydroxy- SAM-dependent 2-oxoglutarate-3-methyltransferase. The prod-
phenylglycine in CDA and other nonribosomal peptide antibiot- uct (3R)-methyl-2-oxoglutarate is probably transaminated, or
ics?* In addition to this, the primary metabolic NADPH- otherwise transformed, to §38R)-3-MeGlu acid prior to activa-
dependent glutamate synthase (SC01977, SC02025, SCO2026jon and incorporation into CDAs by CdaPS3.
and NADP-specific glutamate dehydrogenase (SCO4683) en-  Currently, we are using the synthetic methodology along with
zymes inS. coelicolof which normally utilizea-ketoglutarate  stereochemical and biosynthetic knowledge generated here in
as a substrate in the biosynthesis.eBlu, might similarly be  order to develop new methods for engineering lipopeptides of
responsible for producing §3R)-3-MeGlu from (R)-methyl- this type. For example, by feeding other synthetic 3-alkyl Glu
2-oxoglutarate. and 3alkyl-2-oxoglutarate analogues AgimT,32combined with
Finally, while our results point to GImT functioning as a possible active site modification of the corresponding A-dorffain,
2-oxoglutarate methyltransferase, the possibility that GImT it should be possible to generate new lipopeptides with a variety
methylates Glu by first forming a Schiff base with a pyridoxal- of modified glutamates at the important penultimate C-terminal
5'-phosphate (PLP) or a functionally related pyruvoyl cofactor position. It is entirely possible that these new lipopetides could
cannot be discounted. Similar to amino acid decarboxylase andhave improved activity, but lower toxicity, than the current
amino acid racemase enzymes, formation of such a Schiff baseMeGlu-containing lipopeptides, including daptomycin, which

(e.g.,23, Figure 5C) followed by tautomerization steps would
facilitate SAM-dependents-methylation of a nucleophilic

enamine24 by the standard two-electron mechanism. In this
event, the fact that synthetic 3-methyl-2-oxoglutarate re-

is now widely used in the clinic.

Experimental Section

(59)-3,4-Dihydro-5-tert-butyldiphenylsilyloxymethyl- N-tert-butyl-

establishes production of CDA containing 3-MeGlu in the oxycarbonylpyrrolidin-2-one (2). LDA (9.98 mL, 7.14 mmol) was
AglmT mutant could be accounted for through the presence of added dropwise over 15 min to $sN-tert-butyloxycarbonyl-Stert-

a promiscuous aminotransferase witlincoelicolor butyldiphenylsilyloxymethylpyrrolid-2-oné (2 g, 4.41 mmol) in
anhydrous THF (25 mL) at78 °C. The reaction mixture was stirred
at—78°C for 20 min, allowed to warm to €C for ca. 2 min, and then
re-cooled to—78 °C. A solution of phenylselenenyl bromide (1.25 g,
5.29 mmol) in anhydrous THF (5 mL) was added rapidly, and stirring
was continued at-78 °C. After 1.5 h, the reaction was allowed to
warm to room temperature, water (75 mL) was then added, and the
mixture was extracted with Gi€l, (3 x 50 mL). The organic extracts
were washed with saturated aqueous NaH(D mL) and saturated
aqueous NaCl (50 mL) and then dried over MgsS@itered, and
evaporated under reduced pressure. Purification by flash chromatog-
raphy (80:20 hexane/EtOAc) providedphenylselenenyl derivative as

a white solid (1.74 g, 60% vyield). A portion of this (1.1 g, 1.8 mmol)

Conclusions

Under typical fermentation conditions, the wild-tyf
coelicolorproduces a mixture of Glu and 3-MeGlu-containing
CDAs, which are difficult to separate. We have shown that, by
deleting the putative methyltransferase encoding ggheT,
from the cda biosynthetic gene cluster, the resulting mutant
AgImT produces exclusively Glu-containing CDA. We have also
developed a stereocontrolled synthesis &3R)- and (5,39)-
methylglutamic acids, which showed that 3-MeGlu in CDAs

a”?' daptomycm possesses th_e San&SEB-absolute configu- was dissolved in THF (8 mL) with glacial acetic acid (0.23 mL). After
ration. Feeding experiments with tAgImT strain revealed that cooling to 0°C, aqueous hydrogen peroxide (0.95 mL, 27% wiv) was
the A-domain of CdaPS3 module 10, and probably to a lesser added and the reaction stirred for 30 min. Following this, cold saturated
extent the adjacent C-domains, is able to discriminate betweenaqueous NaHC§(80 mL) was added and the resulting mixture was
the synthetic 3-methylglutamates and only th& 8R)-isomer extracted with diethyl ether (8 80 mL). The combined organic extracts

is incorporated into the CDAs. Using theglmT mutant strain ~ were washed with saturated agueous NaCl (80 mL), dried over MgSO
and supplementing the medium with syntheticSgR)-3- filtered, concentrated, and purified by flash chromatography (75:25

methylglutamic acid, it is thus possible to control the distribution hexane/EtOAc) to give (0.7 g, 86%) as a pale yellow solidk 0.15
(80:20 hexane/EtOAc); mp 935 °C; [a]p = —125.6 (c = 1.0,

CHCl); 'H NMR (400 MHz, CDC}) 6 1.05 (9H, s, SiC(Ch)3), 1.46
(9H, s, CQC(CHg)z), 3.85 (1H, ddJ = 6.5, 10.0 Hz, Gl.H,0), 4.14
(1H, dd,J = 3.5, 10.0 Hz, CHH0), 4.66-4.70 (1H, m, GICH,0),
6.20 (1H, ddJ = 2.0, 6.5 Hz, COCHE), 7.30 (1H, ddJ = 2.0, 6.0
Hz, COCHCH), 7.39-7.65 (10H, m, Ar-H); 13C NMR (100.6 MHz,

(24) (a) Hubbard, B. K.; Thomas, M. G.; Walsh, C. Chem. Biol 200Q 7,
931-942. (b) Chiu, H.-T.; Hubbard, B. K.; Shah, A. N.; Eide, J.;
Fredenburg, R. A.; Walsh, C. T.; Khosla, Broc. Natl. Acad. Sci. U.S.A.
2001, 98, 8548-8553. (c) Choroba, O. W.; Williams, D. H.; Spencer, J.
B. J. Am. Chem. So@00Q 122 5389-5390.

(25) Fisher, S. HJ. Bacteriol 1989 171, 2372-2377.
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CDCl3) 0 19.7 (SC(CHs)s), 27.1 (SICCHa)3), 28.4 (OC(CH3)s), 63.4
(CHCH;0), 63.9 (GHHCH;0), 83.3 (GC(CHgs)s), 127.8 (CACHCH),
128.2 (Ar-C3/5), 130.4 (Ar-C4), 133.3 (Ar-C1), 135.9 (Ar-C2/6),
149.6 CO,CH), 149.8 (COCKH), 170.0 CO,C(CHs)z); LRMS-ESI
(m/2): 925 ([2M + Na]*, 100%), 352 ([M— CsH;O;]*, 60%), 475
(IM + NaJ*, 10%). HRMS-ESI it¥2): [M + Na]' calcd for GeHaz
NO4SiNa, 474.2077. Found, 474.2060. Anal. Calcd fegHGsNO.Si:
C, 69.14; H, 7.36; N, 3.10. Found: C, 69.1; H, 7.5; N, 3.0. IR (neat):
v 1778 (G=0), 1704 (G=0) cnr%.
(4S,59)-5-tert-Butyldiphenylsilyloxymethyl- N-tert-butyloxycar-
bonyl-4-methylpyrrolidin-2-one (3).14° Methyllithium (2.13 mL, 3.41
mmol, 1.6 M solution in diethyl ether) was added to a suspension of
Cu()I (0.35 g, 1.86 mmol) in anhydrous toluene (20 mL) underaN
—78°C and stirred for 30 min. This mixture was allowed to warm to
—40 °C with stirring for 30 min and then cooled te78 °C, resulting
in a solution of (CH).CuLi. a,3-Unsaturated lactarg (0.70 g, 1.55

reduced pressure. Purification by flash chromatography (20:80 hexane/
EtOAc with 0.1% HCQH) gave5 (49.5 mg, 93%) as a white solid:
mp 154-156°C; [a]p = —8.6° (c = 1.0, CHC}); *H NMR (300 MHz,
CDCls) 6 1.21 (3H, d,J = 6.5 Hz, CHQH3), 1.43 (9H, s, C(Els)3),
2.12 (1H, dd,J = 4.5, 17.0 Hz, ®1.H,CHCHg), 2.37-2.47 (1H, m,
CH,CHCHs), 2.75 (1H, dd,J = 8.5, 17.0 Hz, CHH,CHCHy), 4.15
(1H, d,J = 3.5 Hz, GHCH,OH); *C NMR (75.5 MHz, CDC}) 6 20.8
(CH3), 28.2 (CCHa3)s), 30.1 (CHCHs), 39.8 CH.CHCH;), 66.0
(CHCOH), 84.4 (C(CHy)s), 149.8 (NCO,), 173.0 COCH), 176.5
(CHCO.H). LRMS-ESI (2): 509.2 ([2M+ Na]*, 100%), 266.1 ([M
+ NaJ*, 4%). HRMS-ESI (W2): [2M + Na]" calcd for GoH34N2010-
Na, 509.2111. Found, 509.2104.

(2S,39)-3-Methylglutamic Acid Hydrochloride Salt (7). LiOH
(23.6 mg, 0.56 mmol) in KO (0.5 mL) was added to lactab(45.6
mg, 0.19 mmol) in THF (2 mL). The mixture was stirred for 18 h at
room temperature and evaporated under reduced press@¢5HL)

mmol) in anhydrous toluene (10 mL) was added to the cuprate solution was added to the residue, and the solution was adjusted to pH 4.0 with

at —78 °C under N. The reaction mixture was allowed to warm to
—40°C and stirred for 15 min. Saturated aqueous:8H50 mL) was
added, and the mixture was extracted with diethyl ethex G0 mL).
The combined organic extracts were repeatedly washed w@h(thtil

no blue color persisted), dried over Mg&diltered, and evaporated

CH;COOH and extracted with diethyl ether €350 mL). The combined
ethereal extracts were dried over MgS€itered, and evaporated under
reduced pressure to gi-Boc-MeGlu6 (0.041 g, 84%). A fraction

of 6 (26.0 mg, 0.010 mmol) was treated with a solutid@d HCI in
1,4-dioxane (2 mL), and the mixture was stirred at room temperature

under reduced pressure. Purification by flash chromatography (100:20under N for 18 h. The reaction mixture was then evaporated under

hexane/EtOAc) provide® (0.45 g, 62%) as a white solidRs 0.40
(70:30 hexane/EtOAc); mp #¥2°C, [a]p = —23.C0° (c = 1.0, CHC}),
H NMR (300 MHz, CDC}) 6 0.96 (9H, s, SiC(€ls)3), 1.08 (3H, d,
J= 7.0 Hz, CHQH3), 1.36 (9H, s, OC(El5)3), 2.01 (1H, ddJ = 2.0,
17.0 Hz, CH.H,CH), 2.32-2.42 (1H, m, CHCHCHj), 2.91 (1H, dd,
J = 8.5, 17.0 Hz, COCHKH,CH), 3.66 (1H, m, GICH;0), 3.67 (1H,
dd,J = 2.0, 13.0 Hz, CHEl,H0), 3.78 (1H, ddJ = 3.0, 12.0 Hz,
CHCHH,0), 7.25-7.37 (10H, m, ArH); 3C NMR (75.5 MHz,
CDCl) 6 19.5 (SC(CHg)s), 21.8 (CHCH3), 27.2 (SICCH3)s), 28.4 (OC-
(CHs)s), 28.6 (CHCHCHg), 40.8 (CCCH,), 64.8 (CHCH0), 66.6
(CHCH0), 83.1 (QC(CHa)s), 128.2 (Ar-C3/5), 130.2 (Ar-C4), 133.1
(Ar—C1), 133.5 (Ar-C1), 135.9 (AC2/6), 150.4 (NCO,), 174.8
(COCH,). LRMS-ESI (W2): 957.6 ([2M+ Na]*, 100%), 490.2 ([M
+ Na]t, 9%), 368.2 ([M— CsH;O,]*, 60%). HRMS-ESI i(V2): [M +
Na]t calcd for G7H3/NO4SiNa, 490.2390. Found, 490.2390. Anal.
Calcd for G7H3;NO,Si: C, 69.34; H, 7.97; N, 2.99. Found: C, 69.5;
H, 7.9; N, 2.7.
(4S,55)-N-tert-Butyloxycarbonyl-5-hydroxymethyl-4-methylpyr-
rolidin-2-one (4). A solution of tetrabutylammonium fluoride in THF
(36 mL, 1.0 M, 35.78 mmol) was added to lactar(2.0 g, 4.28 mmol)
in a mixture of THF (2 mL) and 20% aqueous ¢FD,H (2.8 mL) at
0 °C. The reaction mixture was allowed to warm to room temperature
and stirred for 24 h. EtOAc (50 mL) and aqueous/8H(50 mL, 20%

reduced pressure 8 (10 mL) was added, and the mixture was washed
with CH.Cl (3 x 10 mL). The aqueous extract was evaporated under
reduced pressure, and the resulting solid was triturated with toluene to
give (2539-3-MeGIwrHCI 7 (15.2 mg, 94%) as a white hygroscopic
solid: [o]p = +36.7 (c = 1.05 6 N HCI) lit.1%a¢= +36.8 € = 1.03,
6 N HCI); 'H NMR (400 MHz, D;O) 6 0.78 (3H, dJ = 6.5 Hz, H3),
2.23 (1H, dd,J = 7.5, 15.0 Hz, EG.H,COH), 2.29-2.35 (1H, m,
CHCH), 2.41 (1H, ddJ = 5.8, 15.0 Hz, CkH,CO;H), 3.82 (1H, d,
J = 2.6 Hz, GHNHy); *C NMR (75.5 MHz, BO) 6 14.4 CHs), 31.1
(CHCH), 37.5 CH,CO;H), 57.0 CHNH,), 171.4 (CHCO,H), 176.3
(CHCO.H). LRMS-ESI (n/2): 162.0 ((M+ H]*, 100%), 323 ([2M+
H]*, 4%). HRMS-ESI (W2): [M + H]" calcd for GH12NO,, 162.0766.
Found, 162.0768.
(3R,4R,5S)-5-tert-Butyldiphenylsilyloxymethyl- N-tert-butyloxy-
carbonyl-3,4-pyrazolinepyrrolidin-2-one (8).An ethereal solution of
diazomethane (ca. 18.7 mmol in 10 mL) was added to dh®
unsaturated lactar? (0.60 g, 1.33 mmol), and the mixture was left to
stir at room temperature for 72 h. The solvent was then evaporated
under reduced pressure, and the residue was purified by flash chro-
matography (80:20 hexane/EtOAc) to gi8€0.45 g, 68%) as a pale
yellow solid: R 0.21 (80:20 hexane/EtOAc); mp 535 °C; [a]p =
—208.7 (c = 1.0, CHC}); *H NMR (400 MHz, CDC}) 6 1.09 (9H,
S, SiC(GH3)3), 1.47 (9H, s, OC(Bl3)3), 2.58-2.64 (1H, m, COCHEl),

w/v) were added, and the organic layer was then extracted, dried over3.67 (1H, dd,J = 2.0, 10.5 Hz, CHE&Hy), 3.95 (1H, m, GHiCH;0),
MgSQ,, filtered, and evaporated under reduced pressure. Purification 3.98 (1H, dd,J = 2.5, 10.5 Hz, CHCEHy), 4.49 (1H, dddJ = 2.5,

by flash chromatography (50:50 hexane/EtOAc) g4\8.66 g, 67%)
as a white solid:Rr 0.19 (50:50 hexane/EtOAc)p]p = —46.2 (c =
1.0, CHCE); 'H NMR (300 MHz, CDC}) ¢ 1.18 (3H, d,J = 7.0 Hz,
CHCHg), 1.56 (9H, s, OC(€3)3), 2.05 (1H, dd,J = 3.5, 17.5 Hz,
CHHLCHCHg), 2.23-2.28 (1H, m, CHCHCHg), 2.79-2.88 (1H, dd,
J = 8.5, 17.5 Hz, CEH,CHCH;), 3.73-3.88 (3H, m, GiCH,OH);
BC NMR (75.5 MHz, CDC{) 6 20.9 (CHg), 28.4 (CCHs)s), 28.6
(CHCH), 40.4 CH,CHCH), 64.6 (CHCH,OH), 67.2 CHCH,OH),
83.9 (C(CHs)3), 151.6 (NCO,), 174.3 COCH,). LRMS-ESI (W2):
481.2 ([2M+ Na]*, 100%), 252 ([M+ Na]*, 2%). HRMS-ESI (V2):
[2M + NaJ" calcd for GoHsgN2OgNa, 481.2526. Found, 481.2520.
(2S,39)-N-tert-Butyloxycarbonyl-3-methylpyroglutamic Acid (5).
RuCk (1 mg, 0.005 mmol) was added to a solution of lactu®0.0
mg, 0.22 mmol) in a mixture of C¥N/CCL/HO (2:2:3, 1.5 mL)
with NalO;, (0.146 g, 0.64 mmol). The reaction mixture was stirred for

5.5, 18.5 Hz, NNCHHp), 5.16 (1H, ddJ = 10.0, 18.5 Hz, NNElHp),
5.87 (1H, ddJ = 2.5, 9.0 Hz, COEICH), 7.39-7.65 (10H, m, Ar
H); *C NMR (100.6 MHz, CDCJ) 6 19.6 (SC(CHz)s), 27.2 (SiC-
(CH3)3), 28.3 (CQC(CHs3)3), 31.1 (COCHCH), 63.4 CHCH,0), 64.9
(CHCH;0), 83.3 (CQC(CHa)3), 86.9 (NNCH,), 96.7 (CGCHCH), 128.4
(Ar—C3/5), 130.5 (Ar-C/4), 132.5 (Ar-C1), 133.0 (ArC1), 135.9
(Ar—C2/6), 149.8 COCHCH), 165.0 CO,C(CHs)s). LRMS-ESI (v
2): 516.0 (IM + Na]*, 100%). HRMS-ESI 1fv2): [M + Na]" calcd
for CyH3sN304SiNa, 516.2295. Found, 516.2280. Anal. Calcd for
CoH3sN3O4Si: C, 65.69; H, 7.15; N, 8.51. Found: C, 65.8; H, 7.3; N,
8.2. IR (neat): v 1783 (C=0), 1712 (G=0) cnv %
(59)-3,4-Dihydro-5-tert-butyldiphenylsilyloxymethyl- N-tert-butyl-
oxycarbonyl-4-methylpyrrolidin-2-one (9). Pyrazoline8 (0.40 g, 0.81
mmol) was heated, under solvent-free conditions, at @0or 3 h.
The residue was then purified by flash chromatography (80:20 hexane/

3 h at room temperature. Saturated aqueous NaCl was added (10 mL)EtOAc) to give9 (0.16 g, 42%) as a white solid? 0.29 (80:20 hexane/

and the mixture was extracted with @i, (3 x 20 mL). The combined
organic extracts were dried over Mgg@ltered, and evaporated under

EtOAC); mp 114-117°C; [o]p = —80.1° (c = 1.0, CHCE); 'H NMR
(400 MHz, CDCH) 6 1.01 (9H, s, SIC(Els)s), 1.46 (9H, s, OC(El3)s),
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2.04 (3H, s, CHCEl3), 3.92 (1H, ddJ = 2.0, 11.0 Hz, CHE&.H0),
4.23 (1H, ddJ = 3.5, 11.0 Hz, CHCEH,0), 4.42 (1H, br, GICH;0),
5.94 (1H, br, GZICCH), 7.38-7.64 (10H, m, Ar-H); 13C NMR (100.6
MHz, CDClk) 6 15.5 (CHGCH3), 19.9 (SC(CHa)s), 27.3 (SiCCHa3)3),
28.7 (OC(CHa)3), 61.3 (CHCH20), 66.5 CHCH,0), 84.0 (GC(CHs)s),
124.1 CHCCHg), 128.5 (Ar-C3/5), 130.5 (Ar-C4), 133.3 (Ar-C1),
133.7 (Ar-C1), 136.2 (Ar-C2/6), 149.9 (CKECHs), 161.1 (NCOy),
170.4 COCHC). LRMS-ESI (Wz): 953.0 ([2M+ NaJ*, 100%), 488
(IM + Na]*, 80%). HRMS-ESI 1tV2): [M + Na]* calcd for
C,7H3sN304SiNa, 488.2233. Found, 488.2216. Anal. Calcd ferGs-
NO,Si: C, 69.94; H, 7.58; N, 3.01. Found: C, 69.7; H, 7.6; N, 2.9. IR
(neat): v 1781 (G=0), 1708 (G=0) cnr %
(4R,59)-5-tert-Butyldiphenylsilyloxymethyl- N-tert-butyloxycar-
bonyl-4-methylpyrrolidin-2-one (10). Platinum(lV) oxide (40 mg) was
added to a solution af,5-unsaturated lacta®(0.36 g, 0.77 mmol) in
EtOAc (30 mL). The reaction mixture was stirred at room temperature
under an atmosphere of;Hor 18 h, filtered through Celite, and then

CHNH); *3C NMR (100.6 MHz, RO) 6 14.3 (CHCH3), 27.8 (CCH3)3),
31.9 CHCHg), 37.9 CH.CH), 57.1 CHNH), 81.7 (C(CHs)s), 158.2
(NHCO), 176.0 and 177.0 (botBO,H). LRMS-ESI (z): 284 (M

+ Na],100%), 545 ([2M+ Na]t, 40%). HRMS-ESI (V2): [M +
NaJ* calcd for GiH1dNOgNa, 284.1110. Found, 284.1119. IR (neat):
v 3321 (OH), 1708 (€0) cm .

(2S,3R)-3-Methylglutamic Acid Hydrochloride Salt (14). Aci-
dolysis 0f13 (20 mg, 0.076 mmol) as described aboge— 7) gave
(2S3R)-3-MeGIlwrHCI 14 (9.3 mg, 75%) as a hygroscopic white solid:
[o]o = +22.7° (c = 1.01, 6 N HCI) lit.1%ac= +22.6 ¢ = 1.03, 6 N
HCI); *H NMR (400 MHz, D;O) 6 0.93 (3H, d,J = 6.8 Hz, CH),
2.30-2.35 (1H, m, Gi.H,CH), 2.46-2.57 (2H, m, CHHyCH), 3.90
(1H, d,J = 4.2 Hz, (HCO,H); 13C NMR (100.6 MHz, DO) 14.9 (CH)
31.0 (CHCH), 37.5 CH,COOQH), 58.0 (&IN) 172.3 (CHCO.H), 176.3
(CHCO.H). LRMS-ESI (nz): 162.1 (M — CI]*, 38%), 184.1 ((M—
HCI + NaJ*, 18%). HRMS-ESI fV2): [M — CI]* calcd for GHix
NO,, 162.0761. Found, 162.0760. IR (neat)2937 (OH), 1718 (&

evaporated under reduced pressure and purified by flash chromatog-O) cnr .

raphy (1:1 hexane/EtOAc) to givEd (0.28 g, 80%) as a white solid:
Rr 0.29 (80:20 hexane/EtOAc); mp 12628°C; [a]p = —25.3 (c =
1.0, CHC}); 'H NMR (400 MHz, CDC}) 6 0.96 (9H, s, SiC(El3)3),
0.18 (3H, ddJ = 5.5, CHQH3), 1.33 (9H, s, OC(Bl3)3), 2.40-2.53
(2H, m, HH,CHCH; and CHH,CHCH), 2.64 (1H, dd,J = 11.0,
15.0 Hz, CHHCHCH), 3.68 (1H, dd,J = 2.5, 12.0 Hz, CHEIH0),
3.90-3.92 (2H, m, CHCHHyO and GICH;0), 7.28-7.60 (10H, m,
Ar—H); 3C NMR (100.6 MHz, CDC)) ¢ 14.6 (CHCHz), 19.4
(SIC(CHg)3), 27.2 (SICCH3)3), 28.4 (CQC(CHs3)s), 30.5 CHCHg), 41.2
(CH.CHCHg), 62.4 (CHCH20), 62.4 CHCH,0), 83.8 (CC(CHa)s),
128.2 (Ar-C3/5), 130.2 (Ar-C4), 132.7 (Ar-C1), 133.3 (ArC1),
136.0 (Ar—C2/6), 150.1 (NCO,), 175.3 COCH,). LRMS-ESI (W2):
957 ([2M + Na]*, 100%), 490 ([M+ Na]", 15%). HRMS-ESI i(v2):
[M + NaJ* calcd for G7H3/NO4SiNa, 490.2390. Found, 490.2393.
Anal. Calcd for G/H3/NO4SIi: C, 69.34; H, 7.97; N, 2.99. Found: C,
69.5; H, 8.2; N, 3.1. IR (neat)r 1784 (C=0), 1710 (CG=0) cm .

(4R,59)-N-tert-Butyloxycarbonyl-5-hydroxymethyl-4-methylpyr-
rolidin-2-one (11). Lactam10 (100 mg, 0.22 mmol) was deprotected
with tetrabutylammonium fluoride as described abod ¢ 4).
Purification by flash chromatography (35:65 hexane/EtOAc) dblve
(37 mg, 73% yield) as a white solid® 0.17 (50:50 hexane/EtOAc);
mp 120-122°C; *H NMR (400 MHz, CDC}) 6 1.21 (3H, ddJ= 6.5
Hz, CHCH3), 1.54 (9H, s, C(@l3)3), 2.40-2.61 (3H, m, G,CHCHa),
3.80 (1H, dd,J = 2.5, 11.5 Hz, CHE.H,OH), 4.02-4.07 (2H, m,
CHCH,H,OH); *C NMR (100.6 MHz, CDGJ) 6 14.7 (CHCH3), 28.5
(C(CHg)3), 30.4 CHCHg), 40.9 CH,CHCHg), 61.4 (CHCH,0H), 62.8
(CHCH20H), 83.5 C(CHs3)3), 150.9 (NCOy), 175.4 COCH,). LRMS-
ESI (W2): 481 ([2M+ NaJ*, 100%), 252 ([M+ Na]*, 25%). HRMS-
ESI (m/2): [M + Na]* calcd for GiHigNOsNa, 252.1212. Found,
252.1217. IR (neat)w 3425 (OH), 1774 (&0) cnr™.

(2S,3R)-N-tert-Butyloxycarbonyl-3-methylpyroglutamic Acid (12).
Alcohol 11 (100 mg, 0.22 mmol) was oxidized with RuQand the
product was purified as described abo¥e— 5), resulting in12 (37
mg, 70% yield) as a white solic*tH NMR (300 MHz, CDC}) 6 1.16
(3H, d,J = 6.5 Hz, CH®H3), 1.49 (9H, s, C(€l3)3), 2.38 (1H, ddJ =
11.5, 16.5 Hz, €l.H,CHCH), 2.56-2.78 (2H, m, CHH,CHCH), 4.58
(1H, d,J = 8.5 Hz, GHCO,H); **C NMR (75.5 MHz, CDC}) ¢ 14.1
(CHCHg), 26.8 (CCHs)3), 27.4 (CHCHg), 37.9 CH.CHCH), 62.3
(CHCO:H), 83.0 C(CHs)s), 148.2 (NCOy), 172.4 COCHy), 174.2
(CHCOZH). LRMS-ESI (W2): 509 ([2M + Na]*, 100%), 282 ([M+
K]*, 20%), 266 ([M+ Na]t, 5%). HRMS-ESI {vVz): [M + Na]" calcd
for C11H17NOsNa, 266.1004. Found, 266.0993. IR (neat)3215 (OH),
1783 (G=0) cn1t.

(2S,3R)-N-tert-Butoxycarbonyl-3-methylglutamic Acid (13). The
lactam12 (29 mg, 0.12 mmol) was hydrolyzed with LiOH as described
above b — 6) to give 13 (21.5 mg, 69%) as a white solidH NMR
(300 MHz, B,O) 6 0.77 (3H, d,J = 7.0 Hz, CHQH3), 1.28 (9H, s,
C(CHa)3), 2.16-2.49 (3H, m, ®,CH), 4.15 (1H, d,J = 4.0 Hz,
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3-Methyl-2-nitropentanedioic Acid Dimethyl Ester (17). 1,8-
Diazabicyclo[5.4.0Jundeca-7-ene (DBU) (1.25 mL, 8.39 mmol) was
added to a mixture of methyl crotonats (6.23 mL, 58.78 mmol) and
methyl nitroacetaté6 (1.0 g, 8.39 mmol) in anhydrous THF (10 mL)
under N at room temperature and stirred in the absence of light for 72
h. Aqueous HCI (1.2 M, 100 mL) was then added, and the mixture
was extracted with diethyl ether (8 50 mL), dried over MgS@
filtered, and evaporated under reduced pressure. Purification by flash
chromatography (90:10 toluene/EtOAc) gavé (1.4 g, 76%) as a
colorless oil: R 0.13 (toluene)!H NMR (300 MHz, CDC}) 6 1.09
(3H, d,J= 6.5 Hz, CHQ®3), 2.40-2.50 (2H, m, G1,CO,CHj), 2.85~
2.98 (1H, m, ®ICH3), 3.63 (3H, s, CHCO,CH3), 3.77 (3H, s,
CHCQO,CH3), 5.24 (1H, ddJ = 6.5, 15.0 Hz, EINO,); *C NMR (75.5
MHz, CDCE) 6 16.4 (CHCH3), 31.8 CHCHg), 37.0 (CHCHLCO,CHg),

52.2 (CHCQCHj3), 53.8 (CHCO,CHg), 91.0 CHNO), 164.4 (CHCOy),
171.9 (CHCO,). LRMS-ESI (wW2): 242.1 (IM+ Na]*, 100%). HRMS-
ESI (m2): [M + NaJ" calcd for GH13NOgNa, 242.0641. Found,
242.0648.

3-Methyl-2-oxopentanedioic Acid Dimethyl Ester (19).2-Nitro-
pentanedioate derivativé7 (1.0 g, 4.28 mmol) was dissolved in
methanol (8.57 mL) and treated with NaO&€i CHzOH (0.77 mL,
4.29 mmol, 30% w/v) under Nat room temperature with stirring. A
solution of ammonium acetate (7.93 g, 12.8 mmol) gOH15 mL)
was then added to the Ti(lll)Chi2 M aqueous HCI (8.82 mL, 17.15
mmol, 30% wi/v). The resulting TiG+NH4CHsCO; solution was then
added in one portion to the reaction mixture containing the ahibn
After stirring for 1.5 h, the reaction mixture was extracted with diethyl
ether (4x 50 mL), and the combined organic extracts were dried over
MgSQ,, filtered, and evaporated under reduced pressure. Purification
by flash chromatography (10:1 toluene/EtOAc) gave the ket®{8.23
g, 26%) and the corresponding oxin8 (0.35 g, 38%) as oils. The
oxime18(0.23 g, 1.13 mmol) was then dissolved in methanol (15 mL)
with concentrated HCI (5 mL). Aqueous HCOH (10 mL, 37% wi/v)
was then added, and the mixture was stirred at room temperature for
18 h. HO (100 mL) was then added, and the mixture was extracted
with diethyl ether (3x 100 mL). The combined organic extracts were
dried over MgSQ filtered, and evaporated under reduced pressure.
Purification by flash chromatography (10:1 toluene/EtOAc) gave the
further ketonel9 (total 410 mg, 51%):*H NMR (400 MHz, CDC})
0 1.22 (3H, d,J = 7.5 Hz, CH), 2.50-2.56 (1H, ddJ =5, 16.5 Hz,
CHH,CO,CHs), 2.83-2.89 (1H, ddJ =9, 16.5 Hz, CH&,CO,CHj),
3.68-3.7 (1H, m, GiCHs), 3.68 (3H, s, CQCH3), 3.92 (3H, s,
COCQCHj3); $3C NMR (100.6 MHz, CDGJ) 6 16.3 (CH3), 37.2 CH>),
38.6 CHCH), 52.4 (CHCO,CHs3), 53.4 (COCQCH3), 161.6 (CHCO,-
CH;s), 172.6 (CQCO,CHs), 196.3 COCOCHs). LRMS-EI/CI (M/2):
206 (M + NH4] ", 100%). HRMS-ESI{V2): [M + NH4]" calcd for
CgH16NOs, 206.1023. Found, 206.1024. IR (neat)t 729 (C=0), 1801
(C=0) cn™.
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(+)-3-Methyl-2-oxoglutarate Disodium Salt (20).The ketonel9 A and B that flank the chromosomal sequence to be deleted. The
(100 mg 0.463 mmol) in 1,4-dioxane (5 mL) was treated with aqueous upstream fragment A was generated by PCR using StE8 cosmidFDNA
NaOH solution (5 mL, 0.28 M, 1.40 mmol) at room temperature and as the template with the forward primer'-BAGAATTCTCGAT-
stirred for 18 h. The mixture was then evaporated under reduced CACCGCGACCCGTGGC, encompassing the nucleotide coordinates
pressure and concentrated in vacuo to proA@i€72 mg, 77%) as a 3523243 to 3523263 and &tdR| site underlined) and reverse primer

white solid: '"H NMR (400 MHz, D,O) ¢ 1.02 (3H, d,J = 7.0 Hz, (5-AATCTAGATCACGGTGGGTCCGCTCGTCT encompassing the
CHjs), 2.06 (1H, ddJ = 8.5, 15.0 Hz, G.H,CH), 2.45-2.49 (1H, dd, nucleotide coordinates 3525205 to 3525224 anXbal site). The
J=6.0, 15.0 Hz, CEH,CH), 3.18-3.20 (1H, m, GICHjz); *C NMR downstream fragment B was similarly generated using the same cosmid

(75.5 MHz, DO) 6 14.8 (CHs), 39.6 CHy), 40.3 CH), 1715 as the template with the forward primer'{68ATCTAGATCACG-
(CH:CO,), 181.0 (CQC0Oy), 209.3 COCQy). LRMS-ESI (mV2): 159.0 GTGGGTCCGCTCGTCT, encompassing the nucleotide coordinates

(M — 2Na + H]~, 100%). HRMS-ESI (m/2): [M — 2Na + H]~ 3525840 to 3525860 and Xba site) and reverse primer ‘6
calcd for GH;Os, 159.0299. Found, 159.0300. AAGAAGCTTCAGCATCGTGTCCGGTGCCCC, encompassing the
Production and Purification of CDA4a and CDA3a: Sterile SV22 nucleotide coordinates 3527324 to 3527344 adinDII| site). The
liquid media (5 L) was inoculated with agar plugs $f coelicolor cloned deletion fragment AB was extracted from the plasmid by

MT1110 fram a 3 day R5 platé The cultures were then incubated  restriction digestion, witiBglll, purified, and then used in a ligation

at 28 °C and 180 rpm for 5 days. The cells were harvested by reaction withBanHI restriction digested pMAH vect&(via aBamHI:
centrifugation. The resulting supernatants were acidified to pH 2.0 by Bglll ligation). The ligation mix was in turn used to transfo coli

the addition of aqueous HCI (0.5 M), and the crude CDA was extracted XL1 BLUE competent cells from which the pMAH vector containing
using Varian C-18 Bond Elute SPE cartridges (2 g). The cartridges the deletion construct was re-isolated and similarly used to transform
were washed with kO (120 mL), eluted with CEDH (60 mL), and E. colistrain ET12567. The resulting nonmethylated plasmid was then
the eluant was evaporated under reduced pressure. Purification of theysed to transform protoplasts 8f coelicolorMT1110. Spores were
crude extracts was achieved by repeated preparative and semipreparativgrepared from hygromycin-resistant colonies, and Hyg-sensitive col-

reversed phase HPLC: Phenomenex C-18 250 x 21.2 mm, onies (putative deletants) were identified following two rounds of
and 5um, 250 x 10 mm columns; solvent A was B with 0.1% nonselective subculturing. Total DNA extracttriollowed by PCR
HCO:H, and solvent B was acetonitrile with 0.1% HeHD The flow analysis confirmed the loss of ca. 615 bp from witlgimT (see

rate was 20 and 5 mL min, respectively, with a starting gradient of Supporting Information).
0% B and 100% A, increasing to 100% B over 30 min and then held
for a further 5 min. Separate fractions for CDA3a and CDA4a (retention
time = ca. 16.0 and 16.2 min, respectively) were pooled and evaporated
under reduced pressure to give pure CDA4a (11 mf knd CDA3a
(2 mg L), which were identical to samples isolated and characterized
previously3a®

Hydrolysis, Derivatization, and LC-MS Analysis of 3-MeGlu
from Daptomycin and CDA4a. Daptomycin or CDA4a (10 mg) was
hea“?(_’ at refluxri 6 M aqueous HCI (A_'O mL) under oxyge_n-free fed at the following final concentrations of 0.5, 1.06, 1.37, and 2.25
conditions for 24 h. The aqueous solution was extracted with ethyl mg mL-L. After a total of 6 days fermentation, the cultures were
acetate (20 mL) and lyophilized under reduced pressure. Dabsyl Chlorideharvested by centrifugation, and the supernatants were adjusted to pH

(lsdmth) 'T acetqne (400L) vaaZ addO%d It_o gfgl&“owg (t)hﬁ _?rr:wmo 2.0, extracted on Varian C-18 Bond Elute SPE cartridges (0.5 g), eluted
acid hydrolysate in aqueous NaHE@00yL, 0. » PH 9.0)."The with MeOH (2 mL), and evaporated in vacuo. Extracts were then

mixture was‘heated at 7 for 20 min and diluted with EtOH (total analyzed by LC-MS (as above except scanning from 700 to 780
2 mL), centrifuged at 5000 for 5 min, and the supernatant analyzed

by LC-MS. Synthetic (83R)- and (2539)-3-MeGlu standards (32 Acknowledgment. This work was supported by the BBSRC
mg) were similarly dabsylated and analyzed. through research grants (36/B12126 and BB/C503662) and
LC-MS analysis was carried out on a Micromass LCT orthogonal -y, ),y 51 dentships to C.M., A.P., and J.J. Biotica Technology

acceleration time-of-flight mass spectrometer, equipped with an - .
electrospray ionization source run in positive mode (scanning from 100 Ltd. and GlaxoSmithKline are also acknowledged for CASE

to 1000m/2) combined with a Waters 2790 separation module. Gradient @wards and support to A.P. and C.M., respectively. We also

elution was carried out using a reversed phase C-18 colurm 3 thank Drs. Barrie Wilkinson and Fiona Flett for helpful advice

150 x 4.6 mm (Phenomenex). Solvent A wagdHwith 1% acetonitrile and discussion, and the EPSRC National Mass Spectrometry

and 0.1% HCGH, and solvent B was acetonitrile with 1%,® and Centre (University of Wales, Swansea).

0.1% HCQH. The flow rate was 1 mL min* with a gradient of 20%

B and 80% A, increasing to 70% B over 10 min and then increasing  Supporting Information Available: LC-MS data from feed-

to 100% B over the next minute and then held for a further 4 min.  ing synthetic precursors along with further results and experi-
Deletion ofgImT from S. coelicolorMT1110. A standard “double  mental details. This material is available free of charge via the

Recomplementation of S. coelicolor AgImT with 3-Methyl-
glutamates and 3-Methyl-2-oxoglutarate Small-scale liquid feeding
experiments were carried out in S¥2nedia (7 mL) inoculated with
one 5 mm plug frm a 3 day R5 agar plate &glmT. The cultures
were then incubated at 2&, 180 rpm, for 2 days. Filter-sterilized
aqueous solutions of substrafed 4, andrac-7/14 were then added to
give final concentrations of 50, 100, 200, and 3@mL"* (of each
stereoisomer). The substrate 3-methyl-2-oxoglute2@teas similarly

cross over’ gene replacement strafégwas used to deletgimT Internet at http://pubs.acs.org.
(SC03215) from the chromosome of tBe coelicolorMT1110 wild-
type strain. A delivery plasmid was generated by cloning Btaoli JA062960C

plasmid pMT3000, using host strah coli XL1 BLUE, two fragments
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