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Abstract: The acidic lipopeptides, including the calcium-dependent antibiotics (CDA), daptomycin, and
A54145, are important macrocyclic peptide natural products produced by Streptomyces species. All three
compounds contain a 3-methyl glutamate (3-MeGlu) as the penultimate C-terminal residue, which is
important for bioactivity. Here, biochemical in vitro reconstitution of the 3-MeGlu biosynthetic pathway is
presented, using exclusively enzymes from the CDA producer Streptomyces coelicolor. It is shown that
the predicted 3-MeGlu methyltransferase GImT and its homologues Dptl from the daptomycin producer
Streptomyces roseosporus and Lptl from the A54145 producer Streptomyces fradiae do not methylate
free glutamic acid, PCP-bound glutamate, or Glu-containing CDA in vitro. Instead, GImT, Dptl, and
Lptl are S-adenosyl methionine (SAM)-dependent a-ketoglutarate methyltransferases that catalyze the
stereospecific methylation of a-ketoglutarate (aKG) leading to (3R)-3-methyl-2-oxoglutarate. Subsequent
enzyme screening identified the branched chain amino acid transaminase IlVE (SC05523) as an efficient
catalyst for the transformation of (3R)-3-methyl-2-oxoglutarate into (2S,3R)-3-MeGlu. Comparison of
reversed-phase HPLC retention time of dabsylated 3-MeGlu generated by the coupled enzymatic reaction
with dabsylated synthetic standards confirmed complete stereocontrol during enzymatic catalysis. This
stereospecific two-step conversion of aKG to (2S,3R)-3-MeGlu completes our understanding of the
biosynthesis and incorporation of -methylated amino acids into the nonribosomal lipopeptides. Finally,
understanding this pathway may provide new possibilities for the production of modified peptides in
engineered microbes.

Introduction iazol, cyclosporine, and yersiniabactin), halogenatig@yrin-

A challenging problem in treatment of bacterial infections is 9?”‘_3’0'7”85)' hydroxylaltloﬁ(manno_peptlrcrjlyqn), andﬂphosph_g-
the increasing appearance of strains that are resistant againsrty ation"(CDA), can also occur prior o, juring, or ater peptl €
conventional antibiotics. Therefore, the design of new anti- assembly. Understanding the biosynthetic pathways required for
microbial compounds remains an urgent concern. The broad,the biosynthesis and the incorporatio_n of s.uch buildirjg blocks
structural diversity of secondary metabolites, particularly those into these complex natural proglucts IS anllm.porltant ISSue, not
produced by the large multimodular nonribosomal peptide only for uncovering the mechanism of new intriguing enzymatic
synthetases (NRPS) and polyketide synthases (PKS), offers areactions, but also to facilitate the engineered production of new
promising source of such new bioactive compouhtiThe therapeutlc agents. o o i
origin of this diversity arises from the large pool of available ~ Animportant class of antibiotics with significant therapeutic
building blocks, which are utilized in the assembly of these Potential are the acidic lipopeptides, including the calcium-

. . - ibioti inl0—12
natural products. In nonribosomal peptides, these building blocks d€Pendent antibiotic (CDA)daptomycini® 12 and the related
include proteinogenic and non-proteinogenic amino acids as well o vall CF. H- Yin 3 Walsh C. Toroc. Natl. Acad. Sci. USA
as fatty acids. In addition, further modifications, such as ()2&'];2%02“&611'1_101'{%_ - vvaish, & diroc. Taf. Acad. Scl L5A.
glycosylatior¥ (vancomycin), O-, N-, or C-methylatiéiimelith- (6) Haltli, B.; Tan, Y.; Magarvey, N. A.; Wagenaar, M.; Yin, X.; Greenstein,

M.; Hucul, J. A.; Zabriskie, T. MChem. Biol.2005 12, 1163-1168.
(7) Neary, J. M.; Powell, A.; Gordon, L.; Milne, C.; Flett, F.; Wilkinson, B.;

T Philipps-Universita Marburg. Smith, C. P.; Micklefield, JMicrobiology 2007, 153 768-776.
* The University of Manchester. (8) Strieker, M.; Kopp, F.; Mahlert, C.; Essen, L. O.; Marahiel, M. ACS
(1) Walsh, C. T.Science2004 303 1805-1810. Chem. Biol.2007, 2, 187—-196.
(2) Sieber, S. A.; Marahiel, M. AChem. Re. 2005 105, 715-738. (9) Hojati, Z.; Milne, C.; Harvey, B.; Gordon, L.; Borg, M.; Flett, F.; Wilkinson,
(3) Finking, R.; Marahiel, M. AAnnu. Re. Microbiol. 2004 58, 453-488. B.; Sidebottom, P. J.; Rudd, B. A.; Hayes, M. A.; Smith, C. P.; Micklefield,
(4) Walsh, C. T.; Chen, H.; Keating, T. A.; Hubbard, B. K.; Losey, H. C.; J.Chem. Biol.2002 9, 1175-1187.
Luo, L.; Marshall, C. G.; Miller, D. A.; Patel, H. MCurr. Opin. Chem. (10) Baltz, R. H.; Miao, V.; Wrigley, S. KNat. Prod. Rep2005 22, 717—
Biol. 2001, 5, 525-534. 741.
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Figure 1. Structures of CDA, daptomycin, and A54145 lipopeptides. The schemes on the right show the module distribution of corresponding peptide

synthetases. The 3-MeGlu residue is marked in red=Hatty acid, CDAPSt+3 =

LptA-D = A54145 peptide synthetases.

A54145 lipopeptid&~15 (Figure 1). Remarkably, daptomycin
represents the first new structural class of naturally derived
antimicrobial agents, which has reached the clinic during the
last 30 years. From the structural point of view, CDA,

(11) Miao, V.; Coeffet-Legal, M. F.; Brian, P.; Brost, R.; Penn, J.; Whiting, A,;
Martin, S.; Ford, R.; Parr, |.; Bouchard, M.; Silva, C. J.; Wrigley, S. K
Baltz, R. H.Microbiology 2005 151, 1507-1523.

(12) Kirkpatrick, P.; Raja, A.; LaBonte, J.; LebbosNAt. Re. Drug Discaery
2003 2, 943-944.

(13) Fukuda, D. S.; Du Bus, R. H.; Baker, P. J.; Berry, D. M.; Mynderse, J. S.
J. Antibiot. 1990 43, 594-600.

(14) Counter, F. T.; Allen, N. E.; Fukuda, D. S.; Hobbs, J. N.; Ott, J.; Ensminger,
P. W.; Mynderse J. S, Preston D. A; Wu C. J( Antlblot 1990 43,
616-622.

(15) Miao, V.; Brost, R.; Chapple, J.; She, K.; Gal, M. F.; Baltz, RJHInd.
Microbiol. Biotechnol.2006 33, 129-140.
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CDA peptide synthetase-B, DptA-D = daptomycin peptide synthetases,

daptomycin, and Ab54145 are peptidic macrolactones with
branched cyclic structures. All of these peptides contain several
acidic residues that were shown to be important for the
coordination of calcium ions and bioactivit{:16

In addition, the acidic lipopeptides comprise a wide range of
N-terminal fatty acid chains and show a high content of non-
proteinogenic amino acids. A common structural feature of
CDA, daptomycin, and A54145 is the presence @fmethyl-
ated Glu residue at the same relative ring positions in the
decapeptide lactone cores. Whereas CDA fri8treptomyces

(16) Kopp, F.; Grunewald, J.; Mahlert, C.; Marahiel, M. Biochemistry2006
45, 10474-10481.
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coelicolor and the A54145 lipopeptide fronStreptomyces
fradiae are produced as mixtures of compounds containing
3-MeGlu or Gluld17 fermentative production of daptomycin
from Streptomyces roseosponesults exclusively in 3-MeGlu
containing peptide® For daptomycin and CDA, this residue
was shown to be the 83R)-stereoisomer of 3-MeGI#£2% In

all of the acidic lipopeptides tested so far, the 3-MeGlu-
containing products were shown to exhibit a higher bioactivity
than the Glu-containing analogu¥s.6.18.19.22

These observations identify this building block as a promising
target for engineering acidic lipopetide biosynthesis controlling
the incorporation of Glu, 3-MeGlu, or further Glu analogues in
search for improved bioactivities. However, from the chemical
point of view, the stereospecific functionalization of amino acids
at the relatively unreactivg-position is a synthetic challenge.

In this study, the methyltransferase GImT fr@treptomyces
coelicolor is biochemically characterized in vitro enabling a
complete stereospecific in vitro synthesis 0§@R)-3-MeGlu
usingS. coelicolorenzymes exclusively. Furthermore, we show
that Dptl and Lptl fromS. roseosporuandS. fradiaecatalyze
the same reaction as GImT. By testing various possible
substrates, we determine the substrate specificity of the meth-
yltransferase. This combined with recent in vivo resdlts
provides complete mechanistic details of the individual steps
occurring during the biosynthesis and incorporation of the
3-MeGlu residues into the acidic lipopeptide group of antibiotics.

Notably the study presents the first example of enzymes from
secondary and primary metabolism cooperating in the biosyn-
thesis of a nonproteinogenic amino acid required for assembly
of nonribosomal peptides. It is also possible that similar

Despite this, there are some reports concerning asymmetricP@tways, utilizing both primary and secondary metabolic

synthesis of 3-MeGlu diastereoisométs?> and, recently, a

convergent multistep synthesis to all possible stereocisomers of

3-MeGlu was published However, the in vitro utilization of

the biosynthetic enzymes responsible for 3-MeGlu formation
would enormously facilitate the preparation of 3-MeGlu and
other s-functionalized Glu analogues, which are required for

enzymes, may exist in the biosynthesis of otienethylated
amino acid building blocks, such as thiemethylated Phe
residue of the mannopeptimyciffs.

Experimental Section

Strains, Culture Media, and General Methods.TheE. coli strains
were grown in Luria-Bertani medium, supplemented with 10@/

engineering new lipopeptide products. For these reasons, it iSmi ampicillin (final concentration). Oligonucleotides were purchased

crucial to understand the biosynthesis of 3-MeGlu and to
determine the mechanism of its incorporation into the acidic
lipopeptide backbone.

A gene SC03215 was identified within the CDA biosynthetic
gene cluster o8. coelicolor which was suggested to encode a
S-adenosyl methionine (SAM)-dependent glutamate-3-methyl-

from Operon. DNA dideoxy sequencing confirmed the identity of all
plasmids constructed.

Cloning and Expression of Glmt, IlvE, CDAPS3-PCP10, Dptl,
and Lptl. The genes coding foglmT, ilvE, and thecdaPS3-PCP10
gene fragment were amplified by PCR from chromosomal DN& of
coelicolor A3(2) (DSM 40783) using the Phusion polymerase
(Finnzymes). The genes coding faptl andIptl were amplified from

transferase (GImT) based on low, but significant, sequence g roseosporuNRRL 11379) and frons. fradiae(NRRL 18158) using

similarity to other methyltransferas@sVithin the daptomycin
and A54145 gene clusters $ roseosporuandsS. fradiae there
also exist genedptl andlptl encoding proteins that show high
similarity to GImT. Fermentation of deletion mutants $f
coelicolor (AglmT) and S. roseosporugAdptGHIJ) led to
production of CDA and daptomycin analogues, respectively,
containing exclusively Glu instead of 3-MeGli#° Moreover,
complementation of thAdptGHIJmutant bydptl or gimTand
complementation oAgImT with synthetic 3-MeGlu restored
the biosynthesis of the 3-MeGlu-containing compoutds.
These results show that GImT, Dptl, and presumably also Lptl

the same method. According to the manufacturer’s protocol for PCR
amplification of template DNA with high GC-conten$ ( coelicolor
74%), the dNTP concentrations were increased to 20 mM. Amplification
of gImT(SC0O3215) was carried out using the oligonucleotidegid T
(5'-AAA AAA CCA TGG TGA CCG GGG ACG ACG TGC AGG
GG) and 3-gImT (5-AAA AAA AAG CTT TGC CGC CTT CCC
GGC GGT GGC CG). ThévE gene (SC0O5523) was amplified using
the primer combination of'&lvE (AAA AAA GGA TCC ATG ACG
ACG CCC ACG ATC GAG CTC) and'dlvE (AAA AAA AAG CTT_
TCA GGC CAG CGT GTG CAT CCA CC). The gene fragment
cdaPS3-PCP1@ncoding the PCP of module 10 (fragment of SCO3232,
cdaPS3 was amplified using the oligonucleotides&laPS3-PCP10

are methyltransferases involved in the biosynthesis of 3-MeGlu (AAA AAA GGA TCC ACC GGC CGG ACC GCG GGC CG) and

residues in CDA, daptomycin, and A54145. However, the

3'-cdaPS3-PCP1EAAA AAA GCGG CCGC GCC CTT CGC CCC

substrate and mechanism of the methylation reaction and theGGC GAG CAC). The genalptl was amplified using the primer

nature of the other possible steps in the biosynthetic pathway

remained unclear.

(17) Kempter, C.; Kaiser, D.; Haag, S.; Nicholson, G.; Gnau, V.; Walk, T.;
Gierling, K. H.; Decker, H., Zhaner, H.; Jung, G.; Metzger, J. Vingew.
Chem., Int. Ed. Engl1997, 36, 498-501.

(18) Nguyen, K. T.; Kau, D.; Gu, J. Q.; Brian, P.; Wrigley, S. K.; Baltz, R. H.;
Miao, V. Mol. Microbiol. 2006 61, 1294-1307.

(19) Milne, C.; Powell, A.; Jim, J.; Al, Nakeeb, M.; Smith, C. P.; Micklefield,
J.J. Am. Chem. SoQ006 128 11250-11259.

(20) Debono, M.; Barnhart, M.; Carrell, C. B.; Hoffmann, J. A.; Occolowitz, J.
L.; Abbott, B. J.; Fukuda, D. S.; Hamill, R. L.; Biemann, K.; Herlihy, W.
C. J. Antibiot. 1987, 40, 761-777.

(21) Kagan, H. M.; Meister, ABiochemistry1l966 5, 725-732.

(22) Grinewald, J.; Sieber, S. A.; Mahlert, C.; Linne, U.; Marahiel, M. JA.
Am. Chem. SoQ004 126, 17025-17031.

(23) Hartzoulakis, B.; Gani, DJ. Chem. Soc., Perkin Tran994 1, 2525~
2531

(24) Soloshonok, V. A.; Cai, C.; Hruby, V. J.; Meervelt, L. V.; Mischenko, N.
Tetrahedron1999 55, 12031-12044.

(25) Wehbe, J.; Rolland, V.; Roumestant, M. L.; Martinez,Tétrahedron:
Asymmetn2003 14, 1123-1126.

combination of 5dptl (AAA AAA CCA TGG TGA CCG GCG AAA
CCC GCA CCA C) and 3dptl (AAA AAA AAG CTT TGG TTT
GCG TCC GTG GGC GAC GA). For amplification dptl, the
oligonucleotides 5lptl (AAA AAA GGA TCC ATG CAG GCG GAT
GCA CCG GCG G) and'3ptl (AAA AAA AAG CTT TCA GGT
GGG TGG CTT GTG GGA GAC GG) were used.

After purification and digestion witiNcd, Hindlll (gImT, dptl),
BanHlI, Hindlll (il E, Iptl), andNcd, Notl (cdaPS3-PCP1)) respec-
tively, the gene fragments @imT, iloE, dptl, andIptl were ligated
into the corresponding restriction sites of a derivatized pET-28(a
vector (Novagen), whereas the gene fragmeaéPS3-PCP10vas
similarly ligated into a derivatized pQE30 vector (Qiagen).

Production of Recombinant Enzymes.The pQE30- and pET-28-
(at)-plasmids, containing the gene fragments of interest, were used to
transformk. coli BL21(DE3) (Novagen). For production of recombinant

(26) Magarvey, N. A.; Haltli, B.; He, M.; Greenstein, M.; Hucul, J. A.
Antimicrob. Agents Chemothe2006 50, 2167-2177.
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GImT, Dptl, and Lptl, the transformed cells were grown at°20to

an optical density of 0.5 (600 nm), induced with 0.1 mM isopropyl-
p-b-thiogalacto-pyranoside (IPTG), and grown for a further 18 h. For
production of IIVE and CDAPS3-PCP10, the transformed cells were
grown at 30°C to an optical density of 0.5 (600 nm), induced with 1
mM isopropyl{-b-thiogalacto-pyranoside (IPTG), and grown for a
further 3 h. The recombinant proteins were purified by Ni-NTA affinity

reaction to the product side. Temperatures and buffers were chosen as
recommended by the manufacturer. The reaction mixtures were
incubated overnight. After reactions were stopped usingubOof
MeOH, the mixtures were analyzed by reversed-phase HPLC-MS using
the single ion mode and the same gradient as described for the
methylation assays with free amino acids.

Transamination Assay Using Recombinant IIVE from Strepto-

chromatography (Amersham Pharmacia Biotech). Fractions containing myces coelicolarRecombinant IlVE fronStreptomyces coelicoldb
the recombinant proteins were identified by SDS-PAGE analysis, uM) was incubated with synthetic racemic 3-methyl-2-oxoglutarate (1

pooled, and subjected to buffer exchange into 25 mM HEPES, 50 mM
NacCl, pH 7.0 using HiTrap desalting columns (Amersham Pharmacia

Biotech). The protein concentration was determined spectrophotometri-

cally using calculated extinction coefficients at 280 nm. After being
flash-frozen in liquid nitrogen, the proteins were stored-80 °C.

General Methylation Assay. The recombinant methyltransferase
(GImT, Dptl, or Lptl) (5uM) was incubated for 15 h at 25C with
different substrates (25@M) and the methyl group donor SAM (500
uM) in 50 uL of 25 mM HEPES, 50 mM NaCl (pH 7.0). Control
reactions were carried out without either methyltransferase or SAM,
respectively.

Methylation Assay with Glu-S-PCP and Chemoenzymatically
Derived CDA. Glu-SPCP and the CDA analogue (nmCDA) were
synthesized and incubated with the methyltransferase following the
general methylation assay. The GBtRPCP and CDA analogue synthesis

mM) andL-Val (10 mM) in a total volume of 5@L in 50 mM HEPES
(pH 7.5). Reactions were quenched and analyzed in the same way as
described for assays with commercially available transaminases.
Analysis of assays showed that addition of PLP was not necessary.
Coupled Methylation—Transamination Assay. First, a-keto-
glutarate was methylated following the general methylation procedure
overnight. In this time, the methylation leading to 3-methyl-2-
oxoglutarate occurred quantitatively. The assay was stopped by adding
an equal volume of MeOH. The reaction mixtures were storeel24t
°C to precipitate the methyltransferase and subsequently centrifuged
at 13 000 rpm and 4C. The supernatant was separated from the pellet
and lyophilized over night. The resulting solid was redissolved in 50
mM HEPES (pH 7.5) to a theoretical concentration of 3-methyl-2-
oxoglutarate of 5 mM, and the absolute concentration was estimated
using reversed-phase HPLC-MS. This solution of 3-methyl-2-oxoglu-

and the analysis of the methylation assays are described in thetarate was used as a stock for the following transamination assay. In

Supporting Information.
Methylation Assay with Free o-Ketoacids or Amino Acids. Free
amino acids on-ketoacids were incubated with the methyltransferase

this assay, the enzymatically prepared 3-methyl-2-oxoglutarate (250

uM) was incubated with Val (2 mM) and the recombinant transaminase

IIVE from Streptomyces coelicold8 M) in 50 mM HEPES (pH 7.5)

following the general methylation assay procedure. The reaction was for 30 min to give a nearly complete conversion to 3-MeGlu. Kinetic

stopped by adding 5&L of MeOH. The reaction products were

characterization of this transamination was done by varying the substrate

analyzed using reversed-phase HPLC/MS on an ESI-Quad 1100(A) concentration between 10 and 1 mM and by quenching the reaction
Series MSD mass spectrometer (Agilent) using a C18 Nucleodur column Upon addition of MeOH at different time points. Analysis of reactions

(Macherey and Nagel, 250/3, pore diameter of 100 A, particle size of
3 um) with the following conditions: water/2 mM triethylamine, 0.3
mL/min, 45°C. To enhance the sensitivity of the MS detection, the

was done after dabsyl-derivatization (see below) using reversed-phase
HPLC-MS analysis. Dabsyl-amino acids were detected following
absorption at 436 nm and by MS spectrometry using the single ion

MS spectrometer was used in the single ion mode screening exclusivelymode. HPLC analysis occurred on a C18 Nucleodur column (Macherey
for the masses of the expected products and substrates. Quantificatiorand Nagel, 250/2, pore diameter 100 A, particle sizen§ using the
of substrates and products was carried out by integration of mass following gradient: 6-30 min, 7-30% acetonitrile/2 mM triethylamine

extracted signals of the MS spectrometer. Kinetic paramétgrand

keat Were determined by varying the substrate concentration between

10 uM and 2 mM and stopping the reaction by addition of MeOH.
Transamination Assay Using Commercially Available Tran-
saminasesThe five following commercially available transaminases
were purchased from Sigma to test their ability to transaminate a
racemic mixture of synthetic 3-methyl-2-oxoglutafdte the corre-
sponding amino acid: the glutamic-pyruvic transaminase from porcine

in water/2 mM triethylamine, 0.2 mL/min, 4%C.

Derivatization and Determination of Configuration of Enzymati-
cally Synthesized 3-MeGlu by HPLC.The dabsyl derivatization of
enzymatically prepared and synthetic 3-MeGlu was carried out as
described elsewhef@27-26The lyophilized coupled assay or synthetic
3-MeGlu (concentrations between M and 1 mM) was dissolved in
NaHCGQ; (0.15 M, pH 9.0) in a total volume of 4QL. Dabsyl chloride
(15 mM) in acetone (40@L) was added. The mixture was heated at

heart (order number G-8255), the glutamic-oxalacetic transaminase Type/0 °C for 20 min and diluted with EtOH (total 2 mL). After

| from porcine heart (order number G-2751), the glutamic-oxalacetic-
transaminase Type II-A from porcine heart (order number G-7005),

centrifugation at 500§ for 5 min, the supernatant was analyzed by
reversed-phase HPLC-MS on a Micromass LCT orthogonal acceleration

the broad-range transaminase from bacterial source (order numberime-of-flight mass spectrometer, equipped with an electrospray ioniza-
T-7684), and the branched-chain amino acid transaminase from bacteriafion source run in positive mode (scanning from 100 to 1639

source (order number B-2549). The transaminases (0.005) Were

combined with a Waters 2790 separation module. Gradient elution was

incubated with the synthetic racemic 3-methyl-2-oxoglutarate (synthesis carried out using a reversed-phase C-18 columm3150x 4.6 mm

described elsewet® (1 mM), the donor amino acid corresponding to
the particular transaminase (10 mM) (Ala for glutamic-pyruvic tran-

(Phenomenex), and the following conditions: solvent A was water/
1% acetonitrile/0.1% formic acid; solvent B was acetonitrile/1% water/

saminase, Asp for glutamic-oxalacetic transaminases and broad-rangd-1% formic acid. The flow rate was 1 mL/min with a gradient from
transaminase, Val for branched-chain transaminase), and pyridexal-5 20% B to 70% B over 10 min and then increasing to 100% B over the

phosphate (PLP) (1.5 mM) in a total volume of G0. To reach a

more quantitative conversion, commercially available dehydrogenases

(Sigma) (2 x 107° U/uL) (L-lactic dehydrogenase for assays with

next min. The gradient was then held for a further 4 min.

Results and Discussion

glutamic-pyruvic transaminase, malic dehydrogenase for assays with  Expression and Purification of GImT, IIvVE, CDAPS3-
glutamic-oxalacetic transaminase and broad-range transaminase) angpCp10, Dptl, and Lptl. The genegyimT, ilvE and the gene

NADH (1.5 mM) were added following the transaminase manufacturer's
protocols. These dehydrogenases convert the byproduata and
L-Asp of the transamination reactions intelactate andL-malate,
respectively, and therefore switch the equilibrium of the transamination

12014 J. AM. CHEM. SOC. = VOL. 129, NO. 39, 2007

fragmentcdaPS3-pcpl@om S. coelicolor the genealptl from

(27) Vendrell, J.; Aviles, F. XJ. Chromatogr.1986 358 401—-413.
(28) Kim, T. Y.; Kim, H. J.J. Chromatogr., A2001, 933 99-106.
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S. roseosporysnd the gengptl from S. fradiaewere amplified
and cloned into expression vectors as described in the Experi- A
mental Section. The expression vectors were used to overpro-

duce the recombinant proteinskn coli as Hig- or His;-tagged § Hoi/x o‘ on
fusions (GImT, 38.5 kDa; Dptl, 37.4 kDa; Lptl, 39.9 kDa; - 0 IV-HT™ 145.0
CDAPS3-PCP10, 12.8 kDa; IIVE, 40.8 kDa), which were g a-keloglutarate
purified using Ni-NTA affinity chromatography. SDS-PAGE 3
analysis indicated high purity of the proteins. The protein %
identity was verified by mass spectrometry (MS) analysis. From @ o o
1 L of culture, we obtained the following yields for the single o HO? N o
m a [M-H]: 158.0

proteins: GImT, 0.3 mg; Dptl, 0.1 mg; Lptl, 0.2 mg; CDA3-
PCP].O, 4 mg’ ”VE, 6 mg 3-methyl-2-oxoglutarate
GImT Does Not Methylate Glu, PCP-Bound Glu, or CDA.
Sequence alignments of GImT and its homologues Dptl and
Lptl reveal a putativéS-adenosyl methionine (SAM) binding 1Tz 3 4Tim95(min)6 7 8 9
site and show similarity to ubiquinone methyltransferase (UbiE),
and other SAM-dependent methyltransferases. Therefore, these
proteins were predicted to act as glutamic acid 3-methyltrans- B
ferases generating 3-MeGlu, which is then activated by the
A-domain of the corresponding modufe.To examine the
methylation activity of GImT in vitro, the recombinant protein
was incubated with several possible substrates in presence of
the methyl group donor SAM. The tested substrates were free
L-Glu andb-Glu, L-Glu, andb-Glu tethered to the recombinant
holo-PCP domain (GI&PCP) via the natural phosphopanteth-
eine prosthetic group of module 10 from the CDA peptide § o
synthetase 3 (CDAPS3), and a chemoenzymatically synthe- ) [M-H]™: 159.0
sized® non-methylated CDA analogue (nmCDA, Supporting 3-methyl-2-oxoglutarate
Information Figure 1). HPLC-MS analysis of enzymatic incuba-
tions of all of these substrates detected no formation of
methylated free or PCP-tethered Glu stereoisomers or of a 1 2 3 5 6 7 8 9
methylated CDA analogue, respectively. This suggests that Time (min)
GImT neither catalyzes methylation of free or PCP-bound Glu Figure 2. p-Methylation ofaKG by GImT. Extracted ion chromatograms

HAri : ; : of HPLC-MS analyses. The blue traces represent screend<@r, the red
nor acts as tailoring enzyme methylating the lipopeptide after traces represent screens for the methylation product 3-methyl-2-oxoglutarate.

release from the synthetase. (A) Analysis of incubation without GImT. (B) Analysis of incubation with
Methylation of o-Ketoglutarate. Recent in vivo studies  GImT.

described the re-establishment of 3-MeGlu containing CDA
production in aglmT deletion mutant o8. coelicolor(AgimT)

by feeding with synthetic @3R)-3-MeGlu}® indicating that

the A-domain of CDAPS3 module 10 is able to activate and
incorporate the (83R)-3-MeGlu in addition to Glu into the
CDA backbone. These findings are consistent with the observa-
tion that the amino acid specificity-conferring co#fesf the
corresponding A-domains of CDA-, daptomycin-, and A54145-
NRPSS8 differ from other A-domains that are known to activate
Glu, suggesting that they have evolved specificity for 3-MeGlu
as well as Glu. In light of this and the fact that GImT is unable
to methylate PCP-tethered Glu, or a Glu-containing cyclic
peptide substrate, it can be concluded that methylation is likely
to take place prior to the activation by the A-domain. Therefore,
we tested further possible methylation scenarios leading to free
3-MeGlu.

In a metabolic flux analysis of CDA biosynthestis;keto-
glutarate ¢(KG) was suggested to be methylated by GImT
resulting in 3-methyl-2-oxoglutarate, which is then transami-
nated to 3-MeGI#! To test this hypothesis,KG was incubated
with GImT and SAM at 25C overnight. In HPLC-MS analyses

o] o]

Ho’u‘v’”\rﬁ‘ OH

o [M-H]™: 145.0
«-ketoglutarate

EIC (masses: 145.0, 159.0)

s

of this assay, a quantitative conversion @KG leading to
3-methyl-2-oxoglutarate was observed (Figure 2). ldentical
results were also obtained using recombinant Dptl and Lptl from
S. roseosporuandsS. fradiag respectively. Also, no methylation

of aKG was observed in control assays in the absence of SAM
or the methyltransferases.

These experiments clearly show that GImT, Dptl, and Lptl
are SAM-dependenti-ketoglutarate methyltransferases cata-
lyzing the transformation ofaKG leading to 3-methyl-2-
oxoglutarate. From the chemical point of view, the usage of
aKG instead of Glu makes sense. Most SAM-dependent
methylations occur as an attack of a nucleophilic substrate onto
the activated methyl group of SAM following ay3 mecha-
nism3232The direct SAM-dependerfi-methylation of Glu by
this mechanism would require the formation of a highly unstable
p-carbanion. On the other hand, the formation of resonance-
stabilized nucleophilic enolate oKG in the active site of GImT
is more plausible.

Interestingly, the obtained results verify the proposed function
of GImT based on recent in vivo investigatioisThese studies

(31) Kim, H. B.; Smith, C. P.; Micklefield, J.; Mavituna, Metab. Eng2004

(29) Grinewald, J.; Sieber, S. A.; Marahiel, M. Biochemistry2004 43, 2915~ 6, 313-325.
2925. (32) Floss, H. G.; Lee, SAcc. Chem. Red993 26, 116-122.

(30) Stachelhaus, T.; Mootz, H. D.; Marahiel, M. @Bhem. Biol.1999 6, 493~ (33) Mascaro, L., Jr.; Horhammer, R.; Eisenstein, S.; Seller, L. K.; Mascaro,
505. K.; Floss, H. G.J. Am. Chem. Sod.977, 99, 273-274.
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showed that 3-MeGlu-containing CDA production in thglmT A
mutant was re-established by feeding with synthetic racemic i HOL
3-methyl-2-oxoglutaraté® The combined results from the earlier " /\Jj o
in vivo studies and the in vitro biochemical experiments 3-methyl-2-oxoglutarate

described here, therefore, definitively confirm that GImT % (WA 1580

catalyzes the direct methylation oflKG to give 3-methyl-2- S o J

oxoglutarate. i “oH
To characterize the methylation reactionadG by GImT §

more precisely, we determined the kinetic parameters at a SAM §

concentration of 2 mM by varying the substrate concentration 5 |]” Daasi:-?-":liﬁ'u
and stopping the enzymatic reactions at appropriate time points.© TN (-] 447
These experiments resulted ifkg of 62.5+ 4.8 uM, a ke Of -

0.114 0.002 mirr?, and akeafKy 0f 1.784+ 0.17 mimi mM—1,
The observed values are a similar order of magnitude to values

reported for NovO- and CouO-catalyzed C-methylations of the 5 10 15 2

aminocoumarin scaffold during the biosynthesis of novobiocin Time (min)

and coumermycif? Furthermore, the observedy is within B C g
the range reported f@-methyltransferases. We also tested other . )U\ it »

o-keto acids for GImT-mediated methylation. Theseketo
acids were pyruvate, phenylpyruvateketobutyrate, and oxal-
acetate. HPLC-MS analyses showed that GImT is highly specific
and exclusively accepitsKG as the cognate substrate.

Transamination of 3-Methyl-2-oxoglutarate. The next goal
was to discover how the methylation product 3-methyl-2-
oxoglutarate is transaminated to 3-MeGluSn coelicolor In
the acidic lipopeptide biosynthetic gene clusters, there are no II Dabsyl-3-MeGlu
conserved genes present that may encode proteins that ar NP [M-HJ': 4471
similar to known aminotransferases. Therefore, 3-methyl-2- X L
oxoglutarate transamination is likely to be catalyzed by one or \
more proteins encoded outside the biosynthetic gene cluster. e —
There are 77 genes encoding known or putative aminotrans- & 10 15
ferases located within th®. coelicolorgenome [http:/strepto- Time (min)
myces.org.uk/]. Some of these enzymes could potentially Figure 3. lIVE-catalyzed transamination of enzymatically prepared 3-meth-

A . . yl-2-oxoglutarate. (A,B) Extracted ion chromatograms of HPLC-MS
transfer thea-amino group from various amino group donors analyses of dabsylated transamination assays measured using the single ion

to 3-methyl-2-oxoglutarate leading to 3-MeGlu. Furthermore, mode. The blue traces represent screens for 3-methyl-2-oxoglutarate; the
the NADPH-dependent glutamate synthase (SC0O1977, SCO2025(ed traces represent screens for dabsylated 3-MeGlu. (A) Analysis of

_ i incubation without IlVE. (B) Analysis of incubation with IIVE. A nearly
SC0O2026) and NADP-specific glutamate dehydrogenase total conversion of 3-methyl-2-oxoglutarate to 3-MeGlu is observable. (C)

(SC04683)° which utilize oKG in the biosynthesis af-Glu, MS of enzymatically prepared dabsyl-3-MeGlu measured using the scan
could also be responsible for the synthesis of 3-MeGlu from mode during MS analysis (M- H]~ calculated: 447.14).

3-methyl-2-oxoglutarate. To identify an aminotransferase, which

has the ability to catalyze the transamination of 3-methyl-2- the primary metabolism of. coelicoloris one candidate that
oxoglutarate, we first screened five commercially available is able to transform 3-methyl-2-oxoglutarate to 3-MeGlu.
transaminases (see Experimental Section) by incubation with Encouraged by this observation, we developed a coupled
synthetic racemic 3-methyl-2-oxoglutarafe pyridoxal-5- methylation-transamination assay to establish a complete syn-
phosphate (PLP), and an appropriate amino acid as amino grouﬁhetic route to 3-MeGlu in vitro. In the first steKG was
donor. HPLC-MS analyses of these reactions revealed that themethylated quantitatively using SAM and GImT. After separa-
branched chain amino acid aminotransferase IIVE from bacterial tion of the methyltransferase by MeOH-precipitation, the
source (Sigma) was able to catalyze the formation of 3-MeGlu lyophilized product was redissolved and incubated at a con-
in presence of Val (data not shown). Homologues of this centration of 25:M with IIVE from S. coelicolor(8 «M) and

o
3-methyl-2-oxoglutarate
[M-H]™: 150.0

EIC (masses: 159.0, 447.1)

448.2

4502

4512

N |

20 440 445 450 455 miz

transaminase are present in all bacteriaSincoelicolor the the amino group donor Val (2 mM) for 15 min at 26. After
enzyme most similar to IIVE is encoded by the gene SC0O5523. @ furthgr lyophilization step, the reaction .prOFjucts were redis-
We therefore cloned this gene and overproducedtheoeli-  S0lved in NaHCQ@(0.15 M, pH 9.0) and derivatized with dabsyl

color IIVE in E. coli as a Hig-tagged fusion and tested this chloride. This derivatization improves retention and enables
putative transaminase with synthetic racemic 3-methyl-2- separation of the 3-MeGlu diastereomers on reversed-phase
oxoglutarate and Val as the amino group donor. HPLC-MS HPLC1°28HPLC-MS analysis showed nearly total conversion
analysis showed the formation of 3-MeGlu (Supporting Infor- ©f 3-methyl-2-oxoglutarate to 3-MeGlu (Figure 3).

mation Figure 2). These results clearly point out that IIVE from N Primary metabolism IIVE catalyzes the transfer of the amino
group of the hydrophobic amino aciddle, L-Val, andL-Leu

(34) Pacholec, M.; Tao, J.; Walsh, C.Biochemistry2005 44, 14969-14976. ontoaKG leading toL-Glu anda-ketoacids. Furthermore, livE
(35) Fisher, S. HJ. Bacteriol. 1989 171, 2372-2377. catalyzes the reverse reaction, in whiclu is the amino acid
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substrate. Therefore, lIVE is a transaminase, which shows
specificity for hydrophobic amino acids andGlu. Because

3-MeGlu and 3-methyl-2-oxoglutarate show structural features
from both natural substrates of IlVE, the finding presented here,

that IIVE accepts 3-methyl-2-oxoglutarate as a substrate, makes

sense. The structural reason of this dual specificity for acidic
and hydrophobic amino acids was elucidated by the crystal
structure of IlVE fromEscherichia coli which was resolved in
complex with different substraté&3” This shows that the IIVE
binding pocket is able to accommodate both hydrophobic and
acidic amino acid side chains.

To further characterize the IlvE-catalyzed transformation of
3-methyl-2-oxoglutarate, the kinetic parameters of this reaction
at a fixed concentration of the amino group donor Val (5 mM)
were determined, by varying the substrate concentration and
stopping the enzymatic reactions at the appropriate time points.
The reaction progress was monitored using HPLC-MS after
dabsyl derivatization. These investigations resulted in an ap-
parentky of 0.196 mM+ 0.403, akeyof 12.1 st + 0.9, and
akealKy of 37164 557 mimt mM~1. These values are a similar
order of magnitude to values determined for IIVE fr&ncoli
for aKG in the presence of-Val (Ky, 1.7 mM; keg, 19 s34
KeafKnm, 660 mirrt mm~—1).38

Stereospecificity of Methylation and Transamination
Reaction. To determine the absolute configuration of the
3-MeGlu product of the GImT/IIVE coupled transformations,
the reaction mixture was derivatized with dabsyl chloride.
HPLC-MS analysis showed a coelution of the enzymatically
prepared dabsylated 3-MeGlu with synthetic dabsylat&Si2-
3-MeGlu (R = 9.8 min). On the other hand, at the retention
time corresponding to the synthetic dabsylate§33)-3-MeGlu
(Ry = 10.2 min), there is clearly no product exhibiting the
required molecular ions at the detection limits of the instrument
(Figure 4).

Given that IlVE fromS. coelicoloris only able to transaminate
the natural (2)-amino acid stereocisomers (Supporting Informa-
tion Figure 3), these results clearly prove that the enzymatically
produced 3-MeGlu exhibits &3R) absolute configuration.
Taking into account that the-stereospecificity of IIVE is

9.8

(28,3R) (25,38)

TIC

l——Dabsyl-3-MeGlu (enzymatic)

9 10
Time (min)

Figure 4. Determination of absolute configuration of enzymatically
produced 3-MeGlu. Total ion chromatograms of HPLC-MS analyses. Blue
trace: HPLC-MS of a mixture of dabsylated syntheti§ 8R)- and (Z5,39)-
3-MeGlu diastereomers. The§3R)-3-MeGlu ([M + H]* = 449.2 (449.1
calculated)) elutes at 9.8 min; the§39)-3-MeGlu ([M + H]* = 449.2
(449.1 calculated)) elutes at 10.2 min. Red trace: HPLC-MS of dabsylated
enzymatically produced 3-MeGlu. A peak is observed at 9.8 min-{M
H]* = 449.2 (449.1 calculated)) coeluting with theS@R)-3-MeGlu
diastereomer. In the chromatogram of the enzymatic product, at 10.2 min,
there are no products exhibiting the molecular ions corresponding to
dabsylated 3-MeGlu at the detection limits of the instrument.

is controlled not only by the NRPS selectivity, but also by the
stereospecificity of the biosynthetic pathway leading to the
3-MeGlu precursor.

Conclusions

The acidic lipopeptides CDA, daptomycin, and the A54145
lipopeptides all contain a conserved 3-MeGlu residue at
equivalent positions within their decapeptide cores. In this study,
the stereospecific in vitro biosynthesis of this important 3-MeGlu
residue is elucidated, using enzymes from the CDA producer
Streptomyces coelicolaxclusively. We have recombinantly
overexpressed the putative methyltransferase encoding genes
gImT along with dptl and Iptl from S. roseosporusnd S.

established, these results indicate that GImT catalyzes thefradiae respectively, and shown that the resulting gene products

stereopecific transformation ofKG leading exclusively to [)-
3-methyl-2-oxoglutarate, with very high stereospecificity.

The (253R)-configuration of enzymatically prepared 3-Me-
Glu is the same as observed for the 3-MeGlu residue in CDA
and daptomycid?2! The high degree of protein sequence
similarity of the methyltransferases GImT, Dptl, and Lptl and
of the A-domains for Glu/3Me-Glu activation of CDA, dapto-
mycin, and A54145 NRPSs suggests that A54145 will possess
identical absolute configuration. Recently, in vivo results
indicated a highly evolved stereospecificity of the module 10
A-domain of CDAPS3. Indeed, production of CDA containing
3-MeGlu in theS. coelicolorAglmt strain could be restored
only by feeding the natural 3R)-3-MeGlu, but not by feeding
the (539)-diastereomel? The results presented here show that
the configuration of the 3-MeGlu residue in acidic lipopeptides

(36) Goto, M.; Miyahara, l.; Hayashi, H.; Kagamiyama, H.; Hirotsu, K.
Biochemistry2003 42, 3725-3733.

(37) Okada, K.; Hirotsu, K.; Hayashi, H.; Kagamiyama,Biochemistry2001,
40, 7453-7463.

(38) Inoue, K.; Kuramitsu, S.; Aki, K.; Watanabe, Y.; Takagi, T.; Nishigai, M.;
Ikai, A.; Kagamiyama, HJ. Biochem1988 104, 777-784.

are all SAM-dependertKG methyltransferases catalyzing the
methylation ofaKG leading to 3-methyl-2-oxoglutarate. Fur-
thermore, we screened for transaminases that can catalyze the
transformation of 3-methyl-2-oxoglutarate to 3-MeGlu. From
this screen, the branched chain aminotransferase IIVE (SC05523)
from S. coelicolorwas identified as the most efficient catalyst
for this reaction, transforming 3-methyl-2-oxoglutarate to 3-Me-
Glu in the presence of an excess of Val as the amino group
donor. The coupling of the methylation and transamination
reactions, in vitro, leads to the synthesis of 3-MeGlu starting
from oKG. By comparison of retention times of dabsylated
3-MeGlu as a product of the coupled reaction with dabsylated
synthetic (B 3R)- and (539-3-MeGlu, it was possible to prove

the enzymatic product exhibits the 3R)-configuration, which

is the same as that observed for the 3-MeGlu residue in CDA
and daptomycin. Taking these results together, we have
established a two-step synthesis of an important non-proteino-
genic amino acid introducing two new stereocenters with
complete stereocontrol, using mild, convenient enzymatic
catalysis in aqueous media.
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CDAPS3,Module 9

@ -
AMF—3MeGlU SH _
® ;  S-(253R)-3MeGlu
(o} (o] @ o o} @ »~ ®
HO' OH ﬁ’ HO' OH #‘ HO OH - ey CDA
0 SAM  AdoHCy 0 LVal  3-Me-2-oxobutyrate NH, L
u-ketoglutarate (3R)-3-methyl-2-oxoglutarate (28,3R)-3-MeGlu

|
ATP PPi
@ Stereospecific methylation of «-ketoglutarate by GImT @ Transamination by IIvE and/or other primary metabolism enzymes

® (25,3R)-3-MeGlu adenylation by A-domain @ PCP-thioester formalion @ Peplide chain elongation and product release

Figure 5. Scheme showing the reaction sequence &3f)-3-MeGlu biosynthesis and its incorporation into the CDA lipopeptide.

These biochemical results together with recent in vivo lipopeptides points out that this position is an interesting target
studied® on the complementation of thAglmT mutant of for variations in the search for new or improved lipopeptides
Streptomyces coelicolarlarify the mode of biosynthesis and and related nonribosomal peptide natural products.
incorporation of (&3R)-3-MeGlu into CDA (Figure 5). Fol-
lowing the biosynthesis of &3R)-3-MeGlu, this precursor is
then recognized by the CDAPS3 module 10 A-domain and
incorporated into CDA by the NRPS machinery. Given that Dptl
and Lptl proteins are shown to methylaiG, in a fashion
analogous to that of GImT, itis likely that the same biosynthetic ~ Supporting Information Available: LC-MS analysis of IIVE-
pathway operates for other 3-MeGlu-containing lipopeptides catalyzed transamination of synthetic racemic 3-methyl-2-
including daptomycin and A54145. oxoglutarate, determination of stereospecificity of lIVE-catalyzed

Furthermore, the results presented here open new ways fortransamination, and further experimental details. This material
the enzymatic synthesis @gkmethylated building blocks and s available free of charge via the Internet at http://pubs.acs.org.
for the engineering of acidic lipopeptide biosynthesis. The
importance of g-methylation for bioactivity in all acidic JA074427I
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