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Tylosin (1), produced byStreptomyces fradiae, is an important
drug used to treat veterinary Gram-positive and mycoplasma
infections as well as to promote livestock growth.1 This macrolide
antibiotic is composed of a polyketide aglycon (tylactone) and
three unusual sugarssmycaminose (2), mycarose (3), and myci-
nose (4). Extensive genetic and phenotypic complementation
studies have led to several classes of blocked mutants, revealing
the genetic organization of the tylosin biosynthetic gene (tyl)
cluster.2 As illustrated in Scheme 1, thetylG region harbors the
polyketide synthase (PKS) genes, while thetylLM, tylIBA, and
tylCK regions contain genes for mycaminose and mycarose
formation.2 In an effort to study the biosynthesis of unusual sugars
found in antibiotics, we have sequenced the extended segments
flanking the PKS genes from which 17 open reading frames
(ORFs) in the tylCK, tylLM, and tylIBA regions have been
identified.3 Further analysis based on sequence similarities to
other sugar biosynthetic genes,4,5 especially those reported by
Cundliffe and co-workers, who have also sequenced thetylIBA
andtylLM segments of thetyl cluster,6 has allowed most of these
ORFs to be tentatively assigned. Three genes in thetylIBA region
are believed to be involved in mycaminose biosynthesis6astylA1
is for R-D-glucose 1-phosphate thymidylyltransferase,tylA2 is for
TDP-D-glucose 4,6-dehydratase, andtylB is likely the gene for a
pyridoxal 5′-phosphate-dependent aminotransferase.7 Other genes
that have been assigned to encode enzymes involved in the
mycaminose pathway reside in thetylLM regionstylM1 is likely
for a S-adenosylmethionine (AdoMet)-dependent methyltrans-
ferase,tylM2 is for the glycosyltransferase, andtylM3 may encode
a tautomerase which displays sequence similarity to some P-450
enzymes but lacks the conserved cysteine residue that coordinates
the heme iron.6b,8 While all of these assignments are based solely
on sequence analysis, the tentative identification of these genes
has allowed initial speculation of their roles, leading to a possible
route for mycaminose biosynthesis shown in Scheme 1.6 To
verify the proposed pathway, it is important to experimentally

determine the function of each gene product. Thus, we have
expressed several of the aforementioned genes and examined the
catalytic properties of the purified enzymes. In this paper, we
report the initial characterization of TylM1, and our results
provide, for the first time, biochemical evidence establishing the
role of TylM1 as the methyltransferase catalyzingN,N-dimethy-
lation of the 3-amino group.

To study the function of TylM1, thetylM1 gene was amplified
by polymerase chain reaction (PCR) and cloned into the pET-
17b expression vector, and the ensuing plasmid was used to
transformEscherichia coliBL21(DE3)pLysS host cells. Growth
of the resulting construct at 30°C and induction using isopropyl
â-D-thiogalactoside (IPTG) allowed highly efficient expression
of tylM1, in which greater than 20% of the soluble protein in the
crude extract was found to be TylM1. This enzyme was purified
to near homogeneity by a protocol consisting of ammonium sulfate
fractionation and DEAE Sepharose and FPLC MonoQ chromato-
graphic steps. AdoMet (0.1 mM) was included in all buffers
throughout the purification to prevent the precipitation of TylM1
from the solution. Judging from aMr of 55.2 K estimated by gel
filtration and a calculated mass of 27 427 Da based on the
translated sequence for each subunit, TylM1 exists as a ho-
modimer.9 The electronic absorption spectrum of the purified
enzyme shows no absorbance above 300 nm.

The predicted substrate5 was synthesized by the reactions
delineated in Scheme 2.10 To test whether TylM1 is the desired
methyltransferase, a mixture of TylM1 (0.05µmol), 5 (7.0µmol),
and AdoMet (40µmol) in 1.5 mL of 50 mM potassium phosphate
buffer (KPi, pH 7.5) was incubated at 23°C for 4 h. The enzyme† Current address: Department of Chemistry, University of California,
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was removed using a Centricon-10, and the product was isolated
by FPLC MonoQ using a linear gradient of 0-0.4 M ammonium
bicarbonate buffer over 25 min. Spectral characterization of the
purified product confirmed that it is indeed the dimethylated
hexose6.15 Interestingly, when the reaction was quenched at an
earlier time, two products could be detected by HPLC using an
Adsorbosphere SAX column (5µm, 4.6× 250 mm) and 50 mM
KPi buffer (pH 3.6). The product with a retention time of 8.79
min is the dimethylated hexose6, and the other, at 7.16 min, is
the monomethylated species13.16 The time courses of mono-
and dimethylation were determined by HPLC (at 279 nm)
following the consumption of substrate5 and the formation of
13and6. A typical assay mixture consisted of 10 mM AdoMet,17

0.5 mM5, 10.9µM TylM1, and 200µL of 50 mM KPi (pH 7.5).
Aliquots of 5 µL were withdrawn at appropriate time intervals,
boiled, and subjected to the aforementioned HPLC analysis using

the SAX anion exchange column. The percent conversion of5
to mono- and dimethylated products was estimated on the basis
of the integration of the corresponding peaks. By fitting the data
to the rate laws for an irreversible unimolecular consecutive
reaction (5 f 13 f 6),18 rate constants of 0.020 and 0.062 min-1

for the mono- and dimethylation step, respectively, were deduced
with good correlation coefficients.19 Our data clearly demonstrate
that TylM1 is indeed the required methyltransferase in the
biosynthesis of mycaminose, and it alone catalyzes theN,N-dimeth-
ylation, via a monomethylated intermediate, in a stepwise manner.

The above results introduce TylM1 as a new member of a small
family of enzymes that are capable of catalyzingN,N-dimethy-
lation. A few representatives of this class include: PEM-2, a
phospholipid methyltransferase that catalyzes the methylation of
phosphatidylethanolamine, preferentially the second and third
methyl transfer steps, to form phosphatidylcholine;20 RMT1, a
protein-arginine methyltransferase that catalyzes both theNG-
mono- andNG,NG-asymmetric dimethylation of protein arginine
residues, an important process in modulating mRNA splicing as
well as growth factor localization and function;21 and TlrA, the
product of a resistance gene isolated from the tylosin producer
S. fradiae, that catalyzes the dimethylation of a single base (A-
2058) toN6,N6-dimethyladenine within 23S rRNA rendering the
bacterial strain resistant to macrolide, lincosamide, and strepto-
gramin B-type (MLS) antibiotics.22 Thus, TylM1, acting on the
amino group of a sugar substrate, is a distinct member of this
AdoMet-dependentN,N-dimethyltransferase family.

It should be pointed out that the deduced sequence oftylM1
reveals significant similarity to those oferyCVI from the
erythromycin cluster ofSaccharopolyspora erythraea(60%
identity),5 desVI from the methymycin cluster ofStreptomyces
Venezuelae(60% identity),23 snoXfrom the nogalamycin cluster
of Streptomyces nogalater(54% identity),24 rdmD from the
rhodomycin cluster ofStreptomyces purpurascens(50% iden-
tity),25 and srmX from the spiramycin cluster ofStreptomyces
ambofaciens(47% identity).26 All of them contain a short
consensus sequence near the N-terminus, LLDV(I)ACGTG, a
conserved motif for many AdoMet binding proteins.5a,27 Although
such a sequence analysis has allowed speculation of their catalytic
roles as methyltransfereases, their actual functions have never been
verified biochemically. The fact that TylM1 has now been fully
established as an AdoMet-dependentN,N-dimethyltransferase
furnishes compelling evidence suggesting a similar role for these
proteins in their respective biosynthetic pathways.
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(25) Niemi, J.; Mäntsälä, P. J. Bacteriol. 1995, 177, 2942-2945.
(26) Geistlich, M.; Losick, R.; Turner, J. R.; Rao, R. N.Mol. Microbiol.

1992, 6, 2019-2029.
(27) (a) Kagan, R. M.; Clarke, S.Arch. Biochem. Biophys. 1994, 310, 417-

427. (b) Schluckebier, G.; O’Gara, M.; Saenger, W.; Cheng, X.J. Mol. Biol.
1995, 247, 16-20.

Scheme 2

9952 J. Am. Chem. Soc., Vol. 120, No. 38, 1998 Communications to the Editor


