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ABSTRACT. Methylation catalyzed by aB-adenosylmethionine- (AdoMet-) dependent methyltransferase

is an effective means to alter the hydrophilicity and/or nucleophilicity of a molecule. While a large number
of enzymes capable of catalyzing methylation at carbon, oxygen, sulfur, and nitrogen atoms are known,
only a few are able to catalyze N,N-dimethylation. Mycaminose and desosamine are aminohexoses found
in several macrolide antibiotics, such as tylosin and methymycin, respectively. Both sugars contain a C-3
N,N-dimethylamino group which has been shown to confer the biological activity of these unusual sugars.
Recently, sequence analysis as well as genetic studies has led to the assigniyléfit of the tylosin
biosynthetic gene cluster amtksVIin the methymycin biosynthetic gene cluster as genes encoding the
correspondind\,N-dimethyltransferases. To verify the proposed roles oftyid1 anddesVigenes, we

have overexpressed and purified their encoded products, synthesized the predicted substrates, and
characterized the catalytic function of these proteins. Our studies showed that TyIM1 and DesVI are
homodimeric proteins and have nearly identical biochemical properties. These enzymes do not have strong
preference for binding either the unmethylated substrate or the monomethylated intermediate. It is the
chemical reactivity of the nitrogen functional group that determines the relative rate of a particular
methylation step. Thus, our results not only establish TyIM1 and DesVI as new members of a small
family of enzymes that are capable of catalyzing N,N-dimethylation of an amino group but also provide
evidence indicating that the methylation catalyzed by AdoMet-dependent methyltransferases proceeds in
a stepwise manner and is nucleophilic in nature.

Methylation catalyzed bg-adenosylmethionined( Ado- nucleophilic site. Such an alkylation accompanied by neu-
Met-)! dependent enzymes is one of the most common tralization of the positive charge on the sulfonium cation of
reactions in biological systemq,(2). A large number of  AdoMet and formation of a neutral speci€sadenosyl-
methyltransferases that catalyze methylation at carbon,homocysteined), is thermodynamically favorable. However,
oxygen, sulfur, and nitrogen atoms are known. This class of

enzymes owes its versatility to AdoMet, the electrophilic R-X R-X-Me
nature of whose methylsulfonium cation renders it an NH, NH,
excellent alkylating agent for a variety of nucleophiles. The 1)\ No Ay
enzyme catalysis proceeds with nucleophilic attack at the HOQC\/\/S) 4 J HOLC_~_§ </N IN/)
sulfonium methyl carbon in AdoMet followed by cleavage : 0
of the methyt-sulfur bond, resulting in methylation at the NH; NH;

HO OH HO OH
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ingly, methyl transfer from AdoMet to its acceptor is
intrinsically a slow reaction in aqueous solutid®).(Thus,

biosynthesis, is limited, since most of them have never been
isolated and/or fully characterized. Reported in this paper

the enzyme-catalyzed methyl transfer, despite its lethargic are our studies of two methyltransferases, TyIM1 and DesVI,

rate, is still significant compared to the uncatalyzed reaction.
This seemingly simple reaction catalyzed by methyltrans-

that catalyze the N,N-dimethylation steps in the biosynthesis
of mycaminose §) in S. fradiaeand desosamineg) in

ferases on a wide variety of substrates involved in a myriad Streptomycesenezuelagrespectively 13—16).

of biological processes serves many important functions in

D-Mycaminose ) is an essential structural component of

natural product biosynthesis. An excellent example is the the macrolide antibiotic tylosindj produced byS. fradiae

methylation of the 6-hydroxy group of erythromycin A to
give clarithromycin, which has much improved pharmaco-
kinetic properties than erythromycid)( The O-methylation
of mycinose 8) in tylosin (4) catalyzed by macrocin
methyltransferase (TylF) is another interesting cdse).
This reaction is the final and the rate-limiting step in the
production of tylosin 4) in Streptomyces fradiaéntroduc-
tion of multiple copies of theylF gene has been demon-
strated to effectively increase the yield of tylosin in
fermentations ofS. fradiae(7). In addition, methylation of
rRNA by the products ofrmtype genes is known as a
common mechanism of macrolide resistan&e-10). In
particular, thelrD gene product its. fradiaehas been shown

Early genetic studies led to the isolation of the entire tylosin
biosynthetic gene cluster froi@. fradiae(17—19), among
which 12 open reading frames (ORFs) in thiCK, tylLM,

and tylIBA regions were shown to be involved in the
biosynthesis of mycaminose and mycaro$8-22). Most

of the ORFs in these regions are assigned on the basis of
sequence similarities to other sugar biosynthetic genes,
especially those reported by Cundliffe and co-workers, who
have also sequenced thdIBA andtylLM segments of the

tyl cluster 3—25). 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. Evidence gathered from our recent genetic as well as

to be a methyltransferase which is capable of monomethyl- biochemical experiments revealed that TyIM1 is the meth-
ating residue A-2058 in 23S rRNA, conferring resistance to yltransferase responsible for the last N,N-dimethylation step
lincosamide, macrolide, and streptogramin B type antibiotics (7 — 8) in the biosynthetic pathway to mycaminoszo,

(11, 12). Clearly, methyltransferases play significant roles

Investigation of the formation af-desosamineg), a 3,4,6-

in many biological processes. However, our knowledge of trideoxy-3-amino sugar, its. venezuelaéad allowed the
these enzymes, especially those involved in natural productidentification of DesVI as anotheX,N-dimethyltranferase
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involved in unusual sugar biosynthes$,(27). S.venezuelae  EtOH). The concentration of protein was determined by
is a producer of methymycin9)f, neomethymycin 10), Bradford’s method 33) using bovine serum albumin as the
pikromycin (11), and narbomycini2), all of which contain standard. The relative molecular mass and purity of enzyme
p-desosamine as the sole sugar component. Seven opesamples were determined using SBi®lyacrylamide gel
reading framesgjestdesVIl| in the methymycin/pikromycin  electrophoresis as described by LaemrBH)( The native
cluster fromS. venezuelaehave been assigned as genes molecular masses of these protein samples were determined
involved in desosamine biosynthesis (Scheme28)-G0). by a gel filtration method reported by Andrew35]. The
Their assignments are based on literature precedents, espeN-terminal amino acid sequences were determined by the
cially on studies of the erythromycin cluste81( 32). The Microchemical Facility of the Institute of Human Genetics,
fact that the sugar component of the new metabolites isolatedUniversity of Minnesota.

from the desVI deletion mutant strain is devoid of N- Synthesis of TDP-3-amino-3,6-dideoxyglucopyran@se (
methylation provided convincing evidence sustaining the Chemical synthesis of the TyIM1 substra#® (vas carried
assignment oflesVlas theN-methyltransferase geng®). out according to the reaction sequence delineated in Scheme

The assigned role of DesVI to catalyze the conversioh3of 2.
to 14 was further confirmed by our recent biochemical study  3-Amino-3-deoxy-1,2:5,6-di-O-isopropylideaes-gluco-
of the purified DesVI proteinZ7). Presented in this paper furanose 17) (36). A solution of 3-azido-3-deoxy-1,2:5,6-
are the detailed accounts on the purification and biochemicaldi-O-isopropylidenes-p-glucofuranose 16) (37) (6.75 g,
characterization of TylM1 and DesVI and the comparison 23.6 mmol) in dry ethyl ether (200 mL) containing suspended
of the catalytic properties of these tWbmethyltransferases  lithium aluminum hydride (3.4 g, 94.8 mmol) was heated
involved in unusual sugar biosynthesis. under reflux for 2 h. The reaction was cooled on ice, and
3.4 mL of water, 3.4 mL of 15% aqueous NaOH, and 10.2
EXPERIMENTAL PROCEDURES mL of water were added slowly in sequence to quench the
Materials. Cosmids pHJL309 and pSET552, used as PCR extra reducing agent. After the mixture was stirred for 20
templates fortyIM1, were kindly provided by Dr. Eugene min, the solid residue was filtered off. The filtrate was
Seno of Eli Lilly Research LaboratorieEscherichia coli washed with brine, dried, and evaporated. The residue was
strains DH%. and HB101 were purchased from Bethesda purified by column chromatography on silica gel (acetone/
Research Laboratories (Gaithersburg, MD). Vectors pET17b- ethyl acetate= 3:1) to givel7in 81.0% yield (4.96 g, 19.1
(+) and pET28b{) and an overexpression ho#, coli mmol): *H NMR (CDCl) 6 1.27 (3H, s), 1.34 (3H, s), 1.39
BL21(DE3), were aquired from Novagen Inc. (Madison, WI). (3H, s), 1.48 (3H, s), 3.54 (1H, s), 3:94.04 (2H, m), 4.12
Culture media were products of Difco (Detroit, Ml), and 4.22 (2H, m), 4.83 (1H, dJ = 3.3 Hz), 5.88 (2H, d) = 3.3
DEAE-Sepharose CL-6B and FPLC column MonoQ H/R 10/ Hz); **C NMR (CDCk) ¢ 25.3, 26.1, 26.8, 26.9, 57.4, 68.2,
10 were products of Pharmacia (Uppsala, Sweden). DNA 73.0, 81.4, 86.3, 105.1, 109.4, 111.6.
polymerasefuwas obtained from Stratagene (La Jolla, CA).  3-N-Carbobenzyloxyamino-3-deoxy-1,2:5,6-di-O-isopropyl-
GeneClean DNA purification kits were purchased from ideneea-p-glucofuranose 18a). Carbobenzyloxy chloride
BIO101 Inc. (La Jolla, CA). DNA ladders (100 bp and 1 (4.2 mL, 30 mmol) was slowly added to an ice-cold mixture
kb) and agarose were from Gibco BRL (Grand Island, NY). of 17 (4.5 g, 17.3 mmol) and sodium carbonate (2.5 g, 26.0
DNA minipreps were performed using the Wizard DNA mmol) in 250 mL of water/dioxane (v/ 1:1). After being
purification kits from Promega (Madison, WI). Oligonucle- stirred at 0°C for 2 h, 250 mL of water was added, and the
otides used in the PCR amplification of desired inserts were mixture was extracted with ethyl acetatex®00 mL). The
prepared by Gibco BRL and used without further purification. organic extracts were pooled, washed with brine, dried, and
Restriction endonucleases were from either Amersham evaporated. The residu&8a) was directly subjected to acid
(Arlington Heights, IL), Gibco BRL, or Promega. All hydrolysis in the next step without further purification.
chemicals were of analytical grade or the highest quality  3-N-Carbobenzyloxyamino-3-deoxy-1,2-O-isopropylidene-
commercially available. All electrophoretic reagents, except a-D-glucofuranosei9a). Aqueous acetic acid solution (60%,
for the agarose which is obtained from Gibco BRL, were 150 mL) was mixed withl8a obtained from the previous
purchased from Bio-Rad (Hercules, CA). step, and the resulting solution was stirred at’60for 4 h
General.NMR spectra were recorded on Varian 300 or (38). After dilution with water (100 mL), the solution was
500 MHz spectrometers3C NMR spectra were recorded extracted with ethyl ether (8 150 mL). The organic extracts
with proton broad-band decoupling, and the reported spin were combined, washed with saturated sodium bicarbonate,
couplings are from phosphorug!P NMR spectra were dried, and evaporated. The residue was purified by column
recorded with proton decoupling and externally referenced chromatography on silica gel, eluting with ethyl acetate in
with 85% phosphoric acid. For NMR spectra recorded in hexanes (1:1) to givé9aas a white amorphous solid in 83%
D,O, t-BuOH was added as an internal reference; the yield (5.07 g, 14.4 mmol):*H NMR (CDCl;) 6 1.30 (3H,
chemical shifts are 1.27 and 31.2 ppm fefr NMR and*C s), 1.50 (3H, s), 3.68 (1H, dd,= 7.2, 11.4 Hz, 6-H), 3.77
NMR, respectively. Fast atom bombardment (FAB) and 3.81 (2H, m, 5-H, 6-H), 4.10 (1H, dd,= 3.0, 7.6 Hz, 4-H),
chemical ionization (Cl) mass spectra were recorded by the4.22 (1H, dd,J = 3.0, 7.2 Hz, 3-H), 4.53 (1H, d] = 3.6
MS facility at the Department of Chemistry, University of Hz, 2-H), 5.0#5.18 (2H, m, Ph€l), 5.50 (1H, dJ=7.2
Minnesota. Analytical thin-layer chromatography was carried Hz, NH), 5.82 (1H, dJ = 3.6 Hz, 1-H), 7.3+7.40 (5H, m,
out on Merck silica gel 60 G-254 plates, and the spots were PhHS).
visualized either under UV light or by heating plates  3-N-Carbobenzyloxyamino-3-deoxy-6-O-(p-toulenesulfo-
previously stained with solutions of vanillin/methanol/H  nyl)-1,2-O-isopropylidene=p-glucofuranose Z0a). To the
SO, (0.75:97.75:1.5) or phosphomolybdic acid (7% in solution of19a(4.9 g, 13.8 mmol) and dry pyridine (25 mL)
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in dry methylene chloride (100 mL) at 8C was added
p-toluenesulfonyl chloride (2.89 g, 15.2 mmol). After being
stirred at 0°C for 20 min, the reaction was allowed to warm

mixture was extracted with chloroform (8 150 mL). The
organic phase was combined, washed with brine, dried, and
evaporated. The residue was chromatographed on silica gel

to room temperature, and the reaction was continued for using a gradient elution of CHEIn hexanes (from 10% to
additional 18 h. Water (250 mL) was then added, and the 40%) to yield21a as a colorless amorphous solid in 75%
resulting mixture was extracted with methylene chloride (3 yield (4.17 g, 9 mmol):*H NMR (CDCl) 6 1.30 (3H, s,

x 150 mL). The combined organic extracts were washed
with 1 N HCI, saturated sodium bicarbonate, and brine in

Me), 1.50 (3H, s, Me), 3.32 (1H, dd,= 7.0, 10.5 Hz, 6-H),
3.47 (1H, dd,J = 3.0, 10.5 Hz, 6-H), 3.553.60 (1H, m,

sequence, dried, and evaporated. The residue was chromatds-H), 4.10-4.14 (1H, m, 4-H), 4.28 (1H, dd] = 3.0, 7.5

graphed on silica gel, eluting with a gradient of ethyl acetate
in hexanes (from 20% to 50%) to gi&®aas a white solid
in 90% vyield (6.31 g, 12.4 mmol)*H NMR (CDCl3) 6 1.28
(3H, s), 1.51 (3H, s), 2.43 (3H, s), 3:83.13 (3H, m), 4.26-
4.34 (2H, m), 4.51 (1H, d) = 3.6 Hz), 5.06-5.16 (2H, m),
5.23 (1H, d,J = 7.5 Hz), 5.78 (1H, dJ = 3.3 Hz), 7.26-
7.37 (6H, m), 7.78 (2H, dJ = 8.1 Hz).
3-N-Carbobenzyloxyamino-3,6-dideoxy-6-iodo-1,2-O-iso-
propylidenee-p-glucofuranose Z1a). A solution of 20a
(6.10 g, 12.0 mmol) and sodium iodide (5.3 g, 90.0 mmol)
in acetone (200 mL) was refluxed for 4 h. After being cooled,

Hz, 3-H), 4.54 (1H, dJ = 3.5 Hz, 2-H), 5.12-5.20 (2H, m,

PhH,), 5.26 (1H, dJ= 7.5 Hz, NH), 5.82 (1H, dJ = 3.5

Hz, 1-H), 7.34-7.40 (5H, m, PhHs)}*C NMR (CDCk) ¢

9.8, 26.3, 26.6, 57.2, 67.7, 68.4, 81.0, 84.2, 104.3, 112.5,

128.3, 128.6, 128.7, 136.1, 156.6.
3-N-Carbobenzyloxylamino-3,6-dideoxy-1,2-O-isopropyl-

ideneea-b-glucofuranoseZ2g). To a solution of21a(4.0 g,

8.6 mmol) in anhydrous diglyme (100 mL) was added

sodium borohydride (1.6 g, 43.5 mmol). The mixture was

stirred at room temperature for 24 h under nitrogen atmo-

sphere. The solvent was then removed under reduced

water was added to the reaction mixture, and the resulting pressure. After addition of water (200 mL), the solution was
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extracted with ethyl ether (X 150 mL), and the organic  chloride (20 mL) was added slowly. The reaction mixture
extracts were combined, washed with brine, dried, and was allowed to warm to room temperature over a period of
evaporated. The residue was purified by column chroma- 1 h, and the reaction was continued for an additional 1.5 h.
tography on silica gel using a gradient elution of Ckl@l Finally, the reaction was diluted with ethyl ether (100 mL),
hexanes (from 5% to 50%) to gi&2aas an off-white solid and the organic phase was successively washed with ice-
in 92% yield (2.67 g, 7.9 mmol)*H NMR (CDCl;) 6 1.26 cold saturated sodium thiosulfate, saturated sodium bicarbon-
(3H, d,J = 6.6 Hz, 5-Me), 1.30 (3H, s, Me), 1.50 (3H, s, ate, and water. After being dried and concentrated, the
Me), 3.02 (1H, br s, 5-OH), 4.02 (1H, dd,= 3.6, 5.4 Hz, remaining residue was chromatographed on silica gel with
3-H), 4.07-4.18 (2H, m, 3, 5-Hs), 4.63 (1H, d,= 3.6 Hz, a gradient elution of ethyl acetate in hexanes%8%) to
2-H), 5.05-5.16 (2H, m, Ph@&,), 5.85 (1H, d,J = 3.6 Hz, give the purea isomer of25ain 62% yield (2.28 g, 3.5
1-H), 6.23 (1H, d,J = 5.4 Hz, NH), 7.26-7.36 (5H, m, mmol): *H NMR (CDCls) 6 1.06 (3H, dJ = 6.3 Hz, 5-Me),
PhHs);33C NMR (CDCk) 6 14.2, 26.1, 26.6, 57.5, 60.4, 65.8, 1.79 (3H, s, OAc), 1.90 (3H, s, OAc), 4.00 (1H, dh=
67.1, 80.7, 84.3, 104.2, 111.9, 128.2, 128.3, 128.6, 131.5,10.0, 6.6 Hz, 5-H), 4.30 (1H, g] = 10.0 Hz, 3-H), 4.64
136.1, 156.5. (1H, t,J = 10.0 Hz, 4-H), 4.80 (1H, d) = 10.0 Hz, NH),
1,2,4-Tri-O-acetyl-3-N-carbobenzyloxyamino-3,6-dideoxy- 4.98 (1H, m, 2-H), 5.0+5.15 (6H, m, Ph@&,), 5.80 (1H,
p-glucopyranose 439). To a solution of 0.1 N HCI (200 dd,J = 3.3, 6.6 Hz, 1-H), 7.247.30 (15H, m, PhHs)**C
mL) were addec®2a (2.60 g, 7.70 mmol) and dioxane (40 NMR (CDCl) 6 17.2, 20.4, 20.5, 51.8, 66.7, 68.1, 69.4 (d,
mL). The resulting mixture was stirred at 8C for 5 h. J = 5.5 Hz), 69.6 (dJ = 5.5 Hz), 70.1 (dJ = 7.9 Hz),
After being cooled, Amberlite 401 (OH resin was added, 73.2, 94.1 (dJ = 6.2 Hz), 127.9-135.5 (PhCs), 156.12,
and the resulting suspension was stirred for a few minutes.170.4;3P NMR (121 MHz, CDCJ) 6 —2.98.
The resin was filtered off, the solvent was removed in vacuo,  3-Amino-3,6-dideoxy-1-phosphomdp-glucopyranoseZ6a).
and the residue was dried under vacuum overnight to obtainTo the solution of25a (1.9 g, 2.92 mmol) in ethanol (40
the crude product. To this crude product were added freshlymL) were added sodium bicarbonate (491 mg, 5.84 mmol)
distilled acetic anhydride (30 mL) and dry pyridine (5 mL). and 10% palladium on carbon (100 mg). Hydrogenation was
The reaction mixture was left stirring at room temperature carried out under atmospheric pressure of hydrogen gas for
overnight. The reaction was quenched by the addition of 40 min. The reaction mixture was filtered through a Celite
water (150 mL) and extracted with ethyl acetatex(3.50 column, and solvent was removed by rotary vaporization to
mL). The organic extracts were pooled, washed (sequentiallygive the crude product. Without purification, this crude
with saturated sodium bicarbonate, brine, and water), dried, product was dissolved in methanol (50 mL) and mixed with
and evaporated. The solid residue was purified by flash potassium carbonate (2 equiv), and the resulting solution was
chromatography on silica gel (ethyl acetate in hexanes, 1:3)stirred at room temperature overnight. The potassium car-
to give 23ain 97% vyield (3.20 g, 7.5 mmol). This sample bonate solid was filtered off, and the solvent was removed
contained both anomers, of which 94% was fheomer as in vacuo to give26aas a potassium salt with an estimated
judged by'H NMR. *H NMR (CDCl) of the 8 isomer: o 50% combined yield (414 mg, 1.5 mmol}H NMR (D,O)
1.22 (3H, d,J = 6.0 Hz, 5-Me), 1.93 (6H, s,20Ac), 2.10 0 1.09 (3H, dJ= 6.3 Hz, 5-Me), 3.16 (1H, t) = 10.2 Hz,
(3H, s, OAc), 3.73 (1H, dgJ = 10.0, 6.0 Hz, 5-H), 4.03  4-H), 3.23 (1H, t,J = 10.2 Hz, 3-H), 3.60 (1H, m, 2-H),
(1H, g,J = 10.0 Hz, 3-H), 4.64 (1H, tJ = 10.0 Hz, 4-H), 3.82 (1H, m, 5-H), 5.27 (1H, dd} = 3.6, 7.2 Hz, 1-H){3C
4.84 (1H, d,J = 10.0 Hz, NH), 4.89 (1H, dd] = 8.0, 10.0 NMR (D20) 6 16.3, 53.9, 68.0, 69.4 (d,= 6.5 Hz), 71.3,
Hz, 2-H), 5.03-5.09 (2H, m, Ph€&l,), 5.70 (1H, dJ= 8.0 92.5 (d,J = 5.3 Hz).

Hz, 1-H), 7.26-7.35 (5H, m, PhHs)*C NMR (CDClk) of TDP-3-amino-3,6-dideoxg-b-glucopyranosideq). The
thef isomer: 6 17.3, 20.4, 20.5, 20.9, 55.8, 66.8, 70.7, 72.0, dipotassium salt 026a(63.9 mg, 225«mol) was dissolved
73.3, 92.0, 128.0, 128.1, 128.5. in 10 mL of water, applied to a cation-exchange column

2,4-Di-O-acetyl-3-N-carbobenzyloxyamino-3,6-dideoxy-  packed with Amberlite IR-120 resin (J&H™, 1.0 x 30 cm),
glucopyranosed4a). A solution of23a(3.20 g, 7.5 mmol) and eluted with water (100 mL). The fractions containing
and hydrazine acetate (2.04 g, 22.1 mmol) in 100 mL of 26awere pooled, and the solvent was removed under reduced
DMF was stirred at 50C overnight 89). The reaction was  pressure. Coevaporation with methanol 25 mL) and
guenched by adding 200 mL of water, followed by extracting drying in vacuo gave 3-amino-3,6-dideosays-glucopyranon-
with methylene chloride (% 150 mL). The organic extracts syl phosphate as a triethylammonium salt (85.0 mg). The
were pooled, washed with saturated sodium bicarbonate,content of triethylamine in the sample was estimated to be
brine, and water (in sequence), and dried. After the solvent 1.35 equiv as judged byH NMR. This triethylammonium
was removed under reduced pressure, the desired producsalt of 26a and thymidine 5monophosphomorpholidate
(248 was isolated by flash chromatography (ethyl acetate 4-morpholineN,N'-dicyclohexylcarboxamidine salt (246 mg,
in hexanes, 1:3) on silica gel as an off-white solid in 88% 360umol) were coevaporated with dry pyridine (3 mL) three

yield (2.53 g, 6.6 mmol). times. To this dry mixture were addeti4etrazole (47 mg,
2,4-Di-O-acetyl-1-dibenzylphosphoryl-3-N-carbobenzyl- 675 umol) and dry pyridine (5 mL), and the solution was
oxyamino-3,6-dideoxg-b-glucopyranose 458). Dibenzyl stirred at room temperature for 3 dayi€). The solvent was

N,N-diisopropylphosphoramidite (3.9 g, 11.3 mmol) was removed, and the solid residue was coevaporated with water
added to a solution of24a (2.10 g, 5.7 mmol) and (2 x 2 mL). The residue was purified by size exclusion
1H-tetrazole (1.56 g, 22.6 mmol) in dry methylene chloride chromatography using a Bio-Gel P-2 columnx{1140 cm).
(150 mL) @0). After being stirred at room temperature for The elution buffer was 20 mM ammonium bicarbonate, and
2 h, the reaction was cooled t678 °C with a dry ice- the flow rate was 6.0 mL/h. Fractions containing the desired
acetone bath, and-CPBA (1.95 g, 11.3 mmol) in methylene  product were pooled and lyophilized to given 60% yield
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(73.7 mg, 135mol): *H NMR (D,0) ¢ 1.10 (3H, d,J = neutralized with Dowex-50W (H) resin. The resin was
6.3 Hz, 5-Me), 1.74 (3H, s,'5Me), 2.172.22 (2H, m, 2- filtered off, and the filtrate was concentrated. The residue
Hs), 3.18 (1H, tJ = 10.2 Hz, 4-H), 3.24 (1H, tJ = 10.2 was mixed with 10% Pd/C (100 mg) in methanol (30 mL)
Hz, 3-H), 3.61 (1H, ddd) = 3.1, 3.3, 10.2 Hz, 2-H), 3.7 and was stirred under hydrogen gas at room temperature for
3.87 (1H, m, 5-H), 3.994.01 (3H, m, 4H, 5-Hs), 4.41- 12 h. The mixture was filtered through Celite, and the filtrate
4.44 (1H, m, 3H), 5.40 (1H, dd,J = 3.3, 7.2 Hz, 1-H), was neutralized with triethylamine. The solvent was evapo-
6.17 (1H, ddJ=6.9, 7.2 Hz, 1-H), 7.55 (1H, s, 8-H); 13C rated; the residue was dissolved in water and lyophilized to
NMR (D;0O) 6 12.8, 17.6, 39.7, 55.9, 66.6 (d,= 6.0 Hz), give the coupling precurs@tb in 48% yield (200 mg, 550
70.1, 70.6 (dJ=8.4 Hz), 72.1, 73.3,86.2, 86.4 (= 9.2 umol). A mixture of26b (41 mg, 11Qumol) and thymidine
Hz), 95.6 (d,J = 6.1 Hz), 112.8, 138.5, 153.0, 1673P 5'-monophosphomorpholidate 4-morpholiNgN'-dicyclo-

NMR (D;0O) 6 —13.47 (d,J = 20.7 Hz),—11.75 (d,J = hexylcarboxamidine salt (200 mg, 28@ol) was coevapo-
20.7 Hz); high-resolution MALDI-MS calcd for {gH26N3014P, rated with dry pyridine (2.5 mL) three times to form a white
[(M + H)*] 546.0890, found 546.0894. powder. To the above solid was added dry pyridine (2.0 mL)

Synthesis of the Monomethylated Intermediate Found in and H-tetrazole (30 mg, 450mol), and reaction was stirred
the TyIM1 Reaction7). Chemical synthesis of the mono- for 60 h at room temperature. After concentration under
methylated intermediate27) was performed following the  reduced pressure, the residue was purified on a Bio-Rad P2
reaction sequence delineated in Scheme 2. column (2x 110 cm) eluted with 50 mM ammonium bi-

3-(N-Methyl-N-benzyloxycarbonyl)amino-3-deoxy-1,2:5,6- carbonate. The desired fractions were pooled and lyophilized
di-O-isopropylidenen-p-glucofuranose 18b). A crude prod- to give27 as a white powder in 85% yield (53 mg, g#hol):
uct of 18a(27.6 g, 74 mmol) in dry THF (1 L) was treated *H NMR (D;0O) ¢ 1.04 (3H, d,J = 6.3 Hz), 1.68 (3H, s),
with 60% sodium hydride (5 g, 0.13 mol) for 30 min at 0 2.13 (2H, m), 2.57 (3H, s), 3.25 (2H, m), 3.73 (2H, m), 3.94
°C. To this mixture was added iodomethane (6 mL, 96 (3H, m), 4.37 (1H, s), 5.35 (1H, dd,= 7.2, 3.3 Hz), 6.10
mmol). After being stirred for 2 h, the resulting mixture was (1H, t,J = 6.9 Hz), 7.49 (1H, s)**C NMR (D;0) ¢ 11.6,
poured into water (2 L) and extracted with ethyl acetate. The 16.3, 29.7, 38.5, 60.9, 65.4 (@= 5.2 Hz), 66.7 (d) = 8.9
combined organic extracts were concentrated, and the residudiz), 69.0, 70.9, 84.9, 85.1 (d,= 9.5 Hz), 96.3 (dJ = 6.5
was chromatographed on silica gel (5% methanol in chlo- Hz), 111.6, 137.3, 151.7, 160.3, 1663 NMR (D;0O) 0
roform) to yield the N-methylated produt8b as a mixture —10.6 (d,J = 20.7 Hz),—12.5 (d,J = 20.7 Hz); high-
of two diastereomers in 84% yield (24 g, 62 mmof resolution FAB-MS calcd for GH2gN3014P; [(M — H)7]
NMR (CDCl;) ¢ 1.31 (9H, m), 1.50 (3H, s), 2.93 (3H, s), 560.1047, found 560.1046.

2.99 (3H, s), 4.233.98 (5H, m), 4.72 (1H, s), 4.92 (1H, s), Synthesis of TDP-3-amino-3,4,6-trideaxyxylo-hexo-
5.13 (2H, m), 5.82 (1H, br s), 6.06 (1H, br s), 7.33 (5H, m); pyranose 13). Chemical synthesis of the DesVI substrate
13C NMR (CDCk) 6 25.4, 26.0, 26.8, 26.9, 67.3, 67.7, 72.9, (13) was performed following the reaction sequence delin-
73.3, 81.6, 84.8, 105.3, 106.1, 109.5, 110.9, 127.8, 128.1,eated in Scheme 3.

128.5, 136.6, 156.1; high-resolution CI-MS calcd foitdso- Methyl 3-O-Acetyl-2-O-benzyl-p-glucopyranoside 31)
NO; [(M + H)*] 408.2022, found 408.2018. (412). A solution of starting materia29 (30.4 g, 82 mmol)

3-(N-Methyl-N-benzyloxycarbonyl)amino-3-deoxy-1,2-O- (42), acetic anhydride (165 mL), dried triethylamine (200
isopropylideneo-pD-glucofuranose 19b), 3-(N-Methyl-N- mL), dried methylene chloride (300 mL), and a catalytic
benzyloxycarbonyl)amino-3-deoxy-6-O-(p-toluenesulfonyl)- amount of 4-dimethylaminopyridine was stirred at room
1,2-O-isopropyliden@-p-glucofuranoseZ0b), 3-(N-Methyl- temperature for 3 days. After the reaction was complete, the
N-benzyloxycarbonyl)amino-3,6-dideoxy-6-iodo-1,2-O-iso- reaction mixture was poured into a solution of ice water and
propylideneo-p-glucofuranosef1h), 3-(N-Methyl-N-benzyloxy-  ether, and the resulting mixture was stirred for 30 min. The

carbonyl)amino-3,6-dideoxy-1,2-O-isopropyliden®-gluco- organic layer was washed Wwitl N HCI, water, saturated
furanose 22b), 1,2,4-Tri-O-acetyl-3-(Nmethyl-N-benzyl-  sodium bicarbonate, and brine and then dried. After removal
oxycarbonyl)amino-3,6-dideoxyxylo-hexopyranose23b), of solvent, the crude brownish oil was added with a solution

2,4-Di-O-acetyl-3-(Nmethyl-N-benzyloxycarbonyl)amino-  of 80% acetic acid, 1% trifluoroacetic acid, and water (300
3,6-dideoxyp-glucopyranose4hb), and 2,4-Di-O-acetyl-1- mL). After being stirred overnight, the solvent was removed
dibenzylphosphoryl-3-@ethyl-N-benzyloxycarbonyl)amino-  under reduced pressure. Water was added to the residual oll
3,6-dideoxye-D-glucopyranose 45h). These compounds and then evaporated under reduced pressure again. The crude
were synthesized following similar procedures as described product was subjected to gradient column chromatography
for the preparation of their non-N-methylated counterparts (50% ethyl acetate in hexanes to 20% ethyl acetate in
and were fully characterized accordingly. The experimental MeOH). The product31) was obtained as a brownish oil in
details are not repeated here for the sake of saving space59% yield (15.8 g, 48 mmol)*H NMR (CDCls) 6 2.09 (3H,
TDP-3-Nmethylamino-3,6-dideoxy-d-glucopyranoseZ7). s, OAc), 2.20 (1H, s, 6-OH), 3.10 (1H, d= 5.3 Hz, 4-OH),
A suspension of starting materidbb (0.77 g, 1.1 mmol) 3.39 (3H, s, OMe), 3.49 (1H, dd, = 3.8, 9.8 Hz, 2-H),
and 10% Pd/C catalyst (180 mg) in a solution of 1:1 MeOH/ 3.58 (1H, dddJ = 5.3, 9.5, 9.5 Hz, 4-H), 3.65 (1H, ddd,
EtOAc (40 mL) was subjected to atmospheric hydrogenation = 3.8, 3.8, 9.5 Hz, 5-H), 3.783.86 (2H, m, 6-H), 4.63 (1H,
at room temperature for 10 min. The mixture was filtered d, J = 12.2 Hz, Ph€&IH), 4.66 (1H, d,J = 3.8 Hz, 1-H),
through Celite. The filtrate was neutralized with triethylamine 4.67 (1H, d,J = 12.2 Hz, PhE&iH), 5.23 (1H, ddJ = 9.5,
and concentrated in vacuo to give a colorless oil. This oily 9.8 Hz, 3-H), 7.3-7.4 (5H, m, PhHs)!3C NMR (CDCk)
residue was mixed with a solution of potassium carbonate 20.9, 55.0, 61.2, 69.1, 71.0, 72.8, 74.8, 76.7, 97.6, 127.7,
(0.5 g) in a mixture of methanol (20 mL) and.® (6 mL) 127.8,128.3, 137.6, 172.5; high-resolution CI-MS calcd for
and stirred at room temperature for 14 h. The mixture was CygH2,0; (M + H*) 327.1444, found 327.1433.
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Methyl 3-O-Acetyl-2-O-benzyl-4,6-dichloro-4,6-dideoxy-
a-D-galactopyranoside32). To a cooled solution (OC) of
the starting materiéd1 (1.31 g, 4.0 mmol) in dried pyridine
(5 mL) and dried chloroform (10 mL) was added sulfuryl
chloride (4 mL) dropwise43, 44). The resulting yellowish

Methyl 3-O-Acetyl-2-O-benzyl-4,6-dideoxys-xylo-hexo-
pyranoside 83). A solution of dichloride32 (0.75 g, 2.0
mmol), tributyltin hydride (2.53 g, 8.6 mmol), and AIBN
(50 mg, 0.3 mmol) in toluene (30 mL) was heated to reflux
for 24 h. The solvent was removed under reduced pressure,

solution was slowly warmed to room temperature and was and the residue was purified by silica gel chromatography,
stirred continuously overnight. At the end of the reaction, eluted first with a linear gradient of ether in hexanes (0
the reaction mixture was poured into a solution of ethyl 30%) and followed by a solution of 40% ethyl acetate in
acetate and ice water. The aqueous layer was extracted withhexanes. The desired prod@3was isolated as a colorless

ethyl acetate, and the combined organic layers were washedil in 96% yield (0.6 g, 1.9 mmol):!H NMR (CDCl;) ¢
with 1 N HCI, water, saturated sodium bicarbonate, and brine 1.16 (3H, d,J = 5.9 Hz, 5-Me), 1.31 (1H, ddd] = 11.5,
and dried. The crude product was purified by a gradient 12.0, 12.7 Hz, 4-§), 2.01 (3H, s, OAc), 2.12 (1H, ddd,

column chromatography on silica gel (185% ethyl acetate
in hexanes) to giv82 as a white solid in 52% yield (0.75 g,
2.07 mmol): 'H NMR (CDCl) 6 2.12 (3H, s, OAc), 3.43
(3H, s, OMe), 3.59 (1H, ddjJ = 6.7, 11.5 Hz, 6-H), 3.63
(1H, dd,J= 7.0, 11.5 Hz, 6-H), 3.95 (1H, dd,= 3.9, 10.3
Hz, 2-H), 4.21 (1H, ddd) = 1.2, 6.7, 7.0 Hz, 5-H), 4.62
(1H, d,J = 12.2 Hz, PhE&iH), 4.67 (1H, ddJ = 1.2, 3.4
Hz, 4-H), 4.68 (1H, d,J = 3.9 Hz, 1-H), 4.76 (1H, dJ =
12.2 Hz, PhCH), 5.31 (1H, dd,J = 3.4, 10.3 Hz, 3-H),
7.3—7.4 (5H, m, PhHs):*C NMR (125 MHz, CDC}) 6 20.8,

=2.2,5.2, 12.7 Hz, 4-K), 3.37 (3H, s, OMe), 3.47 (1H,
dd, J = 3.5, 10.0 Hz, 2-H), 3.94 (1H, qdd, = 5.9, 2.2,
12.0 Hz, 5-H), 4.64 (1H, dJ = 12.5 Hz, PhEIH), 4.67
(1H, d,J = 3.5 Hz, 1-H), 4.68 (1H, d] = 12.5 Hz, PhCH),

5.22 (1H, dddJ = 5.2, 10.0, 11.5 Hz, 3-H), 7-17.2 (5H,

m, PhHs);®*C NMR (CDCk) ¢ 20.6, 21.2, 38.4, 55.0, 62.9,
70.2,72.8,77.8,98.6,127.4, 127.8, 128.3, 138.2, 170.3; high-
resolution CI-MS calcd for gH2¢0sN (M + NH, 1) 312.1811,
found 312.1802.

Methyl 2-O-Benzyl-4,6-dideoxy-d-allo-hexopyranoside

42.8,59.9, 68.7, 70.4, 73.2, 73.6, 98.6, 127.8, 128.0, 128.5,(34). To a solution of33 (6.7 g, 23 mmol) in 30 mL of

137.8, 170.1; high-resolution CI-MS calcd foigH,,Cl>0s
(M + H™) 363.0766, found 363.0770.

methanol was added a methanol solution containing a
catalytic amount of sodium methoxide. The reaction was
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stirred at room temperaturerf@ h to hydrolyze the acetyl  chloride) dropwise at-78 °C (47). The reaction was stirred
group. After completion, the reaction mixture was mixed with at 0°C and was closely monitored by TLC until the starting
Amberlite IR-120 (H) resin and filtered through glass wool. material was all consumed. The remaining boron tribromide
The filtrate was concentrated to afford the deacylated productwas quenched by solid sodium bicarbonate, and the reaction
as a clear oil. This crude product was subjected to oxidation mixture was filtered through Celite. The solution was
which was initiated by preparing a solution of oxalyl chloride concentrated, and the crude product was purified by gradient
(4.0 mL, 46 mmol) in dry methylene chloride (100 mL) at column chromatography on silica gel (160% ether in
—78 °C. This solution was mixed with dried dimethyl hexanes) to giv86as a yellowish oil, which solidified upon
sulfoxide (6.4 mL, 91 mmol) and stirred for 30 min, during drying under vacuum. The product was a mixturexcdnd
which time the temperature was allowed to rise-t65 °C. f isomers, and the combined yield was 55% (3.64 g, 13.8
To this reaction mixture was added a solution of the crude mmol): *H NMR (CDCl;) ¢ 1.17 (3H, dJ = 6.3 Hz, 5-Me
deacylated product in methylene chloride (100 mL), and the of oc anomer), 1.26 (3H, d] = 6.3 Hz, 5-Me offf anomer),
resulting mixture was stirred fdl h from —65 to —45 °C. 1.33 (1H, dddJ=12.1, 12.2, 13.1 Hz, 4-K of o anomer),
The reaction was then treated with dry diisopropylethylamine 1.37 (1H, dddJ = 12.2, 12.2, 13.1 Hz, 4- of § anomer),
(31.7 mL, 182 mmol) fo 1 h while the temperature was 1.93 (1H, dddJ = 2.0, 5.5, 13.1 Hz, 4-K, of 5 anomer),
raised to 0°C. The reaction was quenched it N HCI 1.95 (1H, dddJ = 2.0, 4.8, 13.1 Hz, 4-K of a anomer),
and diluted with methylene chloride. The organic layer was 3.14 (1H, ddJ = 7.4, 9.5 Hz, 2-H of3 anomer), 3.53 (1H,
washed with water, dried, and concentrated. This crudeddd,J = 5.5, 9.5, 12.2 Hz, 3-H off anomer), 3.62 (1H,
3-keto sugar was dissolved in methanol (50 mL) and cooled qdd,J = 6.3, 2.0, 12.2 Hz, 5-H of anomer), 3.66 (1H, dd,
to 0°C. To this solution was added solid sodium borohydride J = 3.4, 9.8 Hz, 2-H ofx anomer), 3.88 (1H, ddd, = 4.8,
(6.0 g, 0.15 mol) in small portions. After being stirred 9.8, 12.1 Hz, 3-H ofo. anomer), 4.16 (1H, qdd] = 6.3,
overnight, the reaction was quenchediwit N HCI and 2.0, 12.2 Hz, 5-H ofx anomer), 4.66 (1H, dJ = 7.4 Hz,
filtered through Celite, and the filtrate was concentrated under 1-H of g anomer), 4.68 (1H, dJ = 11.7 Hz, PhCHi of o
reduced pressure. The desired prod@dj,(after purification anomer), 4.76 (1H, dj = 11.7 Hz, PhE&IH of o anomer),
by gradient column chromatography on silica gel{B0% 4.78 (1H, d,J = 10.7 Hz, Ph€&iH of s anomer), 4.95 (1H
ether in hexanes), was obtained as a clear oil in 69% overalld, J = 10.7 Hz, PhCHl of 5 anomer), 5.21 (1H, d] = 3.4
yield (4.12 g, 16 mmol):*H NMR (CDCls) ¢ 1.20 (3H, d, Hz, 1-H of oo anomer), 7.27.4 (10H, m, PhHs of. andj
J=6.2 Hz, 5-Me), 1.48 (1H, ddd] = 2.6, 11.5, 14.3 Hz,  anomers)3C NMR (CDCk) ¢ 20.68 @), 20.73 (3), 38.00
4-Hy), 1.97 (1H, dddJ = 3.0, 3.0, 14.3 Hz, 4-K), 3.45 (o), 38.05 B), 57.9 @), 61.4 (3), 63.6 @), 68.6 (3), 72.8
(3H, s, OMe), 3.46 (1H, ddJ = 4.4, 7.0 Hz, 2-H), 4.16 (o), 74.6 3), 79.5 @), 82.3 {3), 91.0 (), 97.6 (3), 127.9,
(1H, qdd,J = 6.2, 3.0, 11.5 Hz, 5-H), 4.18 (1H, ddd,= 128.14, 128.18, 128.36, 128.42, 128.6, 1363 137.8 ff);
2.6, 3.0, 7.0 Hz, 3-H), 4.59 (1H, d,= 12.1 Hz, PhE&iH), high-resolution CI-MS calcd for GH2:N4O3 (M + NH4")
4.76 (1H, d,J = 4.4 Hz, 1-H), 4.78 (1H, dJ = 12.1 Hz, 281.1613, found 281.1606.
PhCHH), 7.3—-7.4 (5H, m, PhHs)}**C NMR (CDCk) 6 20.5, Dibenzylphosphoryl 3-Azido-2-O-benzyl-3,4,6-trideaxy-
39.70, 55.5, 59.4, 65.4, 70.1, 74.0, 99.7, 127.90, 127.97, p-xylo-hexopyranoside3{). To a solution of36 (3.64 g, 13.8
128.5, 137.6; high-resolution CI-MS calcd for48240.N mmol) and H-tetrazole (1.92 g, 27.4 mmol) in dried
(M + NH4%) 270.1705, found 270.1700. acetonitrile (20 mL) was added slowly diisopropylphos-
Methyl 3-Azido-2-O-benzyl-3,4,6-tideosyp-xylo-hexo- phoramidite (7.90 mL, 1.91 mmol) at room temperature
pyranoside 85). To a mixture of34 (3.85 g, 15.3 mmol), under nitrogen40). After being stirred for 5 h, the reaction
triphenylphosphine (6.14 g, 23.4 mmol), diphenylphosphoryl mixture was cooled to OC, and then a suspension of
azide (5.04 mL, 23.4 mmol) in dried THF (200 mL) was m-chloroperbenzoic acid (8.6 g, 27.4 mmol, 55% pure) in
slowly added diethyl azodicarboxylate (3.68 mL, 23.4 mmol) methylene chloride (20 mL) was added. After being stirred
at —78 °C under nitrogen45, 46). The reaction was stirred  for an additional 30 min, the reaction mixture was diluted
overnight at room temperature. After removal of solvent, the with methylene chloride, washed with saturated sodium
residual orange oil was subjected to gradient column chro- thiosulfate and saturated sodium bicarbonate, dried, and
matography on silica gel (260% ether in hexanes) to concentrated. After purification by gradient column chro-
afford the desired producB%) as a light yellowish oil in matography on silica gel (£660% ether in hexanes), the
81% vyield (3.65 g, 13.1 mmol)H NMR (CDCl) 6 1.16 desired product37) was obtained as a clear oil in 71% yield
(3H, d,J = 6.3 Hz, 5-Me), 1.28 (1H, ddd] = 9.8, 11.8, (5.16 g, 9.86 mmol):'H NMR (CDCl3) 6 1.23 (3H, dJ =
13.1 Hz, 4-H,), 1.94 (1H, dddJ = 2.2, 4.9, 13.1 Hz, 4-H), 6.7 Hz, 5-Me), 1.35 (1H, ddd) = 11.7, 12.2, 13.3 Hz,
3.34 (1H, dd,J = 3.4, 9.8 Hz, 2-H), 3.36 (3H, s, OMe), 4-H,J), 1.93 (1H, dddJ = 2.2, 4.8, 13.3 Hz, 4-K), 3.39
3.85 (1H, dddJ = 4.9, 9.8, 9.8 Hz, 3-H), 3.90 (1H, qdd, (1H, ddd,J = 3.1, 3.1, 9.9 Hz, H-2), 3.76 (1H, ddd,=
= 6.3, 2.2, 11.8 Hz, 5-H), 4.59 (1H, d,= 3.4 Hz, 1-H), 4.8, 9.9, 12.2 Hz, H-3), 4.05 (1H, qdd,= 6.7, 2.2, 11.7
4.65 (1H, d,J = 12.1 Hz, PhE&iH), 4.77 (1H, dJ = 12.1 Hz, H-5), 4.65 (1H, d,J = 11.3 Hz, PhE&iH), 4.76 (1H, d,
Hz, PhCHH), 7.2-7.4 (5H, m, PhHs)!3C NMR (125 MHz, J = 11.3 Hz, PhCHl), 5.01 (2H, d,J = 7.6 Hz,
CDCl) 6 20.6, 38.3, 55.1, 58.0, 63.1, 72.7, 79.5, 97.8, 128.0, (PhCHHO),PO,), 5.07 (2H, dJ = 8.3 Hz, (PhCHHO),P0),
128.1, 128.5, 137.7; high-resolution CI-MS calcd for 5.92 (1H, ddJ= 3.1, 6.7 Hz, H-1), 7.27.4 (15H, m, Ph);
Ci14H23N403 (M + NH4") 295.1770, found 295.1773. 13C NMR (CDCh) ¢ 20.4 (C-6), 37.5 (C-4), 57.3 (C-3), 65.6
3-Azido-2-O-benzyl-3,4,6-trideoryxylo-hexopyranosef). (PhCHy), 69.0 (d,J = 6.0 Hz, (PICH,0),P(Q,), 69.2 (d,J =
To a cooled solution of35 (6.86 g, 25.0 mmol) in dry 5.0 Hz, (PICH,0),P0,), 72.3 (C-5), 78.5 (dJ = 8.1 Hz,
methylene chloride (20 mL) was added boron tribromide C-2), 95.3 (dJ= 6.0 Hz, C-1), 126.8, 127.4, 127.6, 127.73,
(12.0 mmol, 12.0 mL ba 1 M solution in methylene  127.76, 127.85, 127.93, 128.1, 128.4, 128.45, 128.46, 135.6
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Scheme 4

1. 6 N HCI, H,0 Me
EtOH, reflux %}
Me,N
2. Ac0, HySO4
AcO OAc
41
(a:B=6:1)

1. H;PO,, P,Os \ 2.2 MLiOH

TMP-morpholidate Me
1H-tetrazole 0
MezN
pyridine
OTDP HO po.2-
14 3
42

(d,J = 7.0 Hz), 135.7 (dJ = 7.0 Hz), 137.0, 138.3%P high-resolution FAB-MS calcd for {gH2gN3013P, (M + HT)
NMR (CDCl3) 6 —3.6 (s); high-resolution FAB-MS calcd 532.1097, found 532.1098.
for Co7H30N3OsPNa (M+ Nat) 546.1770, found 546.1770. Preparation of TDP-desosaminé4). To facilitate con-
3-Amino-3,4,6-tideoxy-D-xylo-hexopyranoside 1-Phos- firmation of the identity of the turnover product, a convenient
phate @8). A solution of37 was stirred with 10% Pd(OHC protocol to make the expected product, TDP-desosamine
and sodium bicarbonate in degassed methanol under atmo{14), was developed as shown in Scheme 4.
spheric hydrogen for 2 dayd4®). The catalyst was removed Acetyl 2-O-Acetyl-3-dimethylamino-3,4,6-tride@eyylo-
by filtration through Celite, and the filtrate was concentrated. hexopyranoside4(). A solution of erythromycin40, 14 g,
The product 88) was isolated as a white solid. The yield 19 mmol) 6 N HCI (250 mL), and ethanol (100 mL) was
was up to 78% depending on the purity of the starting refluxed fa 4 h and then cooled to room temperatué)(
material: 'H NMR (D;0) 6 1.19 (3H, dJ = 6.2 Hz, 5-Me), The dark solution was transferred to a separatory funnel and
1.52 (1H, dddJ = 11.3, 11.3, 12.6 Hz, 4-k), 2.16 (1H, washed with chloroform. The color of the dark aqueous
ddd,J = 2.0, 4.0, 12.6 Hz, 4-H), 3.62 (1H, ddd,J = 4.0, solution became light brownish after several washes. The
11.3, 10.6 Hz, 3-H), 3.66 (1H, ddd,= 2.6, 2.9 10.6 Hz, aqueous layer was collected and concentrated under reduced
2-H), 4.24 (1H, qddJ = 6.2, 2.0, 11.3 Hz, 5-H), 5.46 (1H, pressure. The crude product was redissolved in acetic
dd,J = 2.9, 7.0 Hz, 1-H);3'P NMR (CDC}) 6 3.08 (s); anhydride (100 mL) and cooled to . To this solution
FAB-MS nm/e 587.1 (M+ H*), 609.1 (M+ Na'). was slowly added concentrated,$0; (4 mL), and the
TDP-3-amino-3,4,6-trideoxy-D-xylo-hexopyranosel ). resulting mixture was stirred overnight. The reaction mixture
As described for the synthesis @f a mixture of38 (120 was then poured into ice water and stirred for another 1 h.
mg, 280umol) and TMP-morpholidate (0.58 g, 840nol) After neutralization with concentrated ammonium hydroxide,
was dried azotropically by addition of anhydrous pyridine the aqueous solution was extracted with methylene chloride.
and removal of solvent under vacuum. After being repeated The combined organic layers were dried and concentrated
twice, a solution of H-tetrazole in anhydrous pyridine was in vacuo. The desired producdl) was obtained as a
added, and the reaction mixture was stirred under nitrogenbrownish oil in 89% yield (4.4 g, 17 mmol): high-resolution
at room temperature for 3 day€(Q). The solvent was  CI-MS calcd for GoHNOs (M + H*) 260.1498, found
evaporated under reduced pressure, and the white solid260.1501.
residue was redissolved in water. The crude product was o-bD-Desosamine 1-Phosphat42). A mixture consisting
purified by two consecutive P2 column chromatographies of 41 (0.15 g, 0.58 mmol), crystal phosphoric acid (0.3 g),
(1.5 x 75 cm and 2.5« 120 cm, eluted with 25 mM N and a trace amount of,®s was heated at 8090 °C under
HCO:), followed by gradient FPLC on a MonoQ column vacuum for 90 min %0). After being cooled for several
(eluted with 6-0.5 M NHHCOs). Compound13 was minutes, a solutionfa2 M lithium hydroxide was added to
isolated as a white solid in 28% vyield (42 mg, #&ol): the above mixture, and the resulting cloudy solution was
1H NMR (D;0) 6 1.24 (3H, d,J = 6.3 Hz, 5-Me), 1.50 heated at 8690 °C for 60 min to hydrolyze pyrophosphate.
(1H, ddd,J = 11.7, 12.3, 12.7 Hz, 4-%), 1.93 (3H, s, B- The resulting cloudy brownish solution was treated with
Me), 2.27 (1H, dddJ = 3.0, 4.0, 12.7 Hz, 4-H), 2.40 (2H, charcoal and then filtered through Celite. The filtrate was
m, 2-Hs), 3.59 (1H, dddJ = 4.0, 10.7, 12.2 Hz, 3-H), 3.74  concentrated to about 3 mL, and the resulting yellowish
(1H, ddd,J = 3.4, 2.9, 10.7 Hz, 2-H), 4.20 (3H, m}-4&nd solutionwas loaded onto a Dowex 50W (cyclohexylammonium
5'-Hs), 4.29 (1H, ddgJ = 3.0, 11.7, 6.3 Hz, 5-H), 4.62 (1H, H") column and eluted with water. The fractions were
dt, J = 3.0, 5.8 Hz, 3H), 5.63 (1H, dd,J = 3.4, 7.3 Hz, analyzed by TLC (developed wiithPrOH/1 M NH,OAc =
1-H), 6.35 (1H, tJ = 6.8 Hz, 1-H), 7.71 (1H, s, B-H); °C 2:1 and stained by, Ilvapor), and those containing product
NMR (D;0) 6 11.6, 19.5, 35.3, 38.5, 48.9, 65.4, 69.54d, were collected and lyophilized. The yellowish solid residue
= 6.6 Hz), 70.9, 84.9, 85.0, 85.3 (d= 10.1 Hz), 95.0 (d, was redissolved in 95% ethanol and filtered. The filtrate was
J=8.0 Hz), 111.7, 137.3, 151.7, 1663P NMR (D,O) 6 concentrated to dryness, redissolved in small amount of
—-12.4 (d,J = 20.9 Hz), —10.5 (d, J = 20.9 Hz); water, loaded onto a P2 column (1x5120 cm), and eluted
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with water. The fractions containing the desired proddégj (
were pooled and lyophilized. The product was converted to

Chen et al.

(+), respectively. Positive clones were identified by digestion
of the plasmid DNA with appropriate restriction enzymes

a cyclohexylammonium salt by passing the sample through and visualization of the excised insert by staining the agarose

a Dowex 50W (cyclohexylammoniutd®) column: H
NMR (D,0) 6 1.11 (3H, d,J = 6.1 Hz, 5-Me), 1.46 (1H,
ddd,J = 11.8, 11.9, 12.3 Hz, 4-K), 2.00 (1H, dddJ =
3.0,3.4,12.3 Hz, 4-K), 2.72 (6H, s, NMg), 3.63 (1H, ddd,
J= 3.4, 10.9, 11.8 Hz, 3-H), 3.73 (1H, dd,= 3.0, 10.9
Hz, 2-H), 4.15 (1H, qddJ = 6.1, 3.0, 11.9 Hz, 5-H), 5.39
(1H, dd,J = 3.0, 6.8 Hz, 1-H)23C NMR (D,0) 6 19.7 (C-
6), 29.1 (C-4), 38.5 (br, NMg, 61.9 (C-3), 64.8 (C-5), 67.1
(d, J = 6.6 Hz, C-2), 93.5 (dJ = 5.0 Hz, C-1);3'P NMR
(D20) 6 2.79 (s).

TDP-desosamineld). A mixture of TMP morpholidate
(0.68 g, 99Qumol) and desoamine 1-phosphad@,(155 mg,
330 umol) was dried three times by coevaporation with
anhydrous pyridine. The resulting solid was dissolved in
pyridine, mixed with H-tetrazole (5-7 equiv), and stirred
under nitrogen at room temperature for3days 40). The
workup followed a similar procedure as described before for
13. The crude product was purified first by P2 column
chromatography (2.% 120 cm) and then by gradient FPLC
on a MonoQ column (80.5 M NH4HCO;s). The desired
product (4) was isolated in 78% yield (144 mg, 257
umol): 'H NMR (D;0) 6 1.24 (3H, d,J = 6.4 Hz, 5-Me),
1.62 (1H, dddJ = 11.7, 11.7, 12.7 Hz, 4-), 1.90 (3H, s,
5"-Me), 2.12 (1H, ddd) = 3.4, 3.4, 12.7 Hz, 4-H), 2.3—
2.4 (2H, m, 2-Hs), 2.83 (6H, s, NMg, 3.76 (1H, dddJ =
3.4,11.2,11.7 Hz, 3-H), 3.88 (1H, ddd= 2.9, 3.1, 11.2
Hz, 2-H), 4.+4.2 (3H, m, 4—H, 5-Hs), 4.28 (1H, qddJ
= 6.4, 3.4, 11.7 Hz, 5-H), 4.59 (1H, di,= 3.4, 5.4 Hz,
3-H), 5.64 (1H, ddJ = 3.1, 7.1 Hz, 1-H), 6.33 (1H, 1 =
6.8 Hz, 1-H), 7.70 (1H, s, 8-H); *C NMR (D;0) 6 11.6
(5"-Me), 19.7 (C-6), 29.1 (C-4), 38.5 (C-2), 38.6 (br, NMle
62.0 (C-3), 65.5 (d,J = 5.1 Hz, C-5), 65.8 (C-5), 66.7 (d,
J=28.1Hz, C-2),70.9 (C-3,84.9 (C-1),85.2(dJ=10.1
Hz, C-4), 95.2 (d,J = 6.0 Hz, C-1), 111.7 (C-9, 137.3
(C-6"), 151.7 (C-2), 166.5 (C-4); *'P NMR (D;0) 6 —12.4
(d, J = 20.8 Hz),—10.6 (d,J = 20.8 Hz); high-resolution
CI-MS calcd for GgH3oN3013P, (M + H+) 560.1411, found
560.1410.

Cloning of the tylM1 and desVI GeneBwo oligonucle-

gel with ethidium bromide after electrophoresis. The plasmid
DNAs of the positive clones were then used to transf&m
coli BL21(DE3). The general methods and protocols for
recombinant DNA manipulations were as described by
Sambrook et al.x1).

Purification of TyIM1 ProteinAll purification operations
were carried out at 4C, except for the FPLC step, which
was run at room temperature. Unless otherwise specified,
all buffers contained 0.5 mM DTT and 0.1 mM AdoMet,
the latter of which was freshly added each time due to its
low hydrolytic stability.

Step 1. Growth of E. coli CellsAn overnight culture of
E. coli BL21(DE3)-pET17bf)/tyIM1, grown in LB medium
supplemented with ampicillin (10@g/mL) at 37°C, was
diluted 250-fold wih 4 L of thesame medium and incubated
at 30°C until the OQyo reached 0.6. The culture was then
chilled with cold tap water for 15 min, induced with IPTG
to a final concentration of 1.0 mM, and allowed to grow for
an additional 15 h at 24C. The cells were harvested by
centrifugation at 6509for 5 min at 4°C and stored at-20
°C. The typical yield wa 6 g of wetcells/L of culture.

Step 2: Crude Extract Preparatio.hawed cells were
suspended in 100 mL of 50 mM potassium phosphate buffer
(pH 7.5) and disrupted with four 60 s sonication bursts, with
1 min cooling intervals between bursts. Cell debris was
removed by centrifugation at 1609®@or 25 min.

Step 3: Ammonium Sulfate Precipitatiofo the super-
natant from the previous step were added ammonium sulfate
crystals in three portions over 25 min to 50% saturation. After
being stirred for 2 h, the precipitated proteins were collected
by centrifugation at 150@Dfor 20 min and resuspended in
a minimal amount (80 mL) of 50 mM potassium phosphate
buffer, pH 7.5. The resulting protein solution was desalted
by dialysis agairsl L of thesame butter for 6 h. The buffer
was changed three times.

Step 4: DEAE-Sepharose CL-6B Chromatographye
dialysate from step 3 was applied to a DEAE-Sepharose CL-
6B column (2.5x 24 cm) which was preequilibrated with
50 mM potassium phosphate buffer, pH 7.5. The column

otide primers complementary to the sequence at each endvas washed with 100 mL of the same buffer, followed by a

of thetyIM1 gene were prepared to amplify this gene from
the cosmid pHJL309, provided by Dr. Eugene Seno of El
Lilly Research Laboratories, for cloning into the pET1Fp(
expression vecto2Q). The start primer, 5GGCCATATG -
GCCCATTCATCCGCC-3 contains eNdd restriction site
(in bold). The halt primer,'sSCGCGAATTC TCACCGGGT-
TTCTCCCTT-3, contains arEcaRl restriction site (in bold)
immediately downstream of the stop codon. Similarly,
oligonucleotide primers were designed to amplify thesVI
gene for cloning into the pET28{ expression vector to
produce the N-terminal Hisgagged fusion protein. The start
primer, 3-GGCQCATATG TACGAAGTCGACCACG-3,
contains aNdd restriction site (in bold). The halt primer,
5'-GCGGGAATTC TCAGGCGGGGACGCCGAC-3 has
an EcaRl (in bold) restriction site. The template used for
desVlamplification was a previously constructed cosmid,
pLz4 (26, 27). The PCR-amplifiedylM1 and desVIDNA
fragments were purified, digested wiNdd andEcaRl, and
ligated into theNdd/EcaRl sites of pET17b{) and pET28b-

linear gradient between 400 mL of buffer A (50 mM of
potassium phosphate, pH 7.5) and 400 mL of buffer B (buffer
A plus 0.5 M NaCl). The flow rate was set at 1.5 mL/min,
and fractions of 12 mL were collected throughout the entire
gradient elution. The fractions containing TylM1 protein, as
determined by SDSPAGE, were pooled, concentrated to
10.3 mL by ultrafiltration, and desalted using 50 mM
potassium phosphate buffer, pH 7.5.

Step 5: FPLC MonoQ Chromatographyhe material
from step 4 was further purified by FPLC on a MonoQ HR
(20/10) column using buffer A (50 mM potassium phosphate,
pH 7.5) and buffer B (buffer A plus 0.5 M NaCl). The elution
profile started with a linear gradient of35% B in 20 min,
and this was followed by a wash with 100% buffer B for 5
min. The flow rate was 3 mL/min, and the detector was set
at 280 nm. The desired protein, which was eluted as a sharp
peak with a retention time of 8.0 min, was collected,
concentrated by ultrafiltration, desalted with 50 mM potas-
sium phosphate (pH 7.5), and stored-a80 °C.
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Purification of DesVI ProteinAll purification operations
were carried out at 4C, and 15% glycerol, 0.1 mM DTT,
and 0.1 mM AdoMet were included in the lysis, washing,
elution, and dialysis buffers.

Step 1. Growth of E. coli CellsAn overnight culture of
E. coliBL21(DE3)-pET28b{)/DesVI, grown in LB medium
supplemented with kanamycin (4@/mL) at 37 °C, was
used to inocula 6 L of LB supplemented with kanamycin.
Generally, the amount of inoculation was 2 mL of the
overnight culture/L. The culture was incubated afG7until
its ODsgp reached 0.6. It was then chilled with tap water
briefly, followed by the addition of IPTG to a final
concentration of 0.5 mM. After an additional 18 h of growth
at 25°C, the cells were harvested by centrifugation at 5000
for 8 min at 4°C and stored at-20 °C.

Step 2: Crude Extract PreparatiorCells from 6 L of
culture were suspended in 100 mL of lysis buffer (50 mM
sodium phosphate, 150 mM NacCl, 10 mM imidazole, pH
8.0) and disrupted with five 1 min sonication bursts, with 1
min cooling intervals between bursts. Cellular debris was
removed by centrifugation at 15090for 25 min. The
supernatant was transferred to an Erlenmyer flask for Ni-
NTA resin treatment.

Step 3: Ni-NTA Chromatographyl.o the above crude
extract was added 2 mL of Ni-NTA slurry (1.0 mL of resin),
and the resulting mixture was incubated ioh with gentle
shaking at 4°C. The resin slurry was transferred into an
empty column (1x 25 cm), and the column was washed
with 100 mL of washing buffer containing 20 mM imidazole.
DesVI protein was then eluted from the column using 10
mL of the elution buffer (50 mM sodium phosphate, 150
mM NaCl, 250 mM imidazole, pH 8.0). The eluted protein
was desalted by dialyzing agairisL of 50 mM potassium
phosphate buffer (pH 7.5) with four changes of buffer.

Step 4: FPLC MonoQ Chromatographyrhe protein
obtained from step 3 was further purified by FPLC on a
MonoQ HR (10/10) column using buffer A (50 mM
potassium phosphate, 10% glycerol, pH 7.5) and buffer B
(buffer A plus 0.5 M NacCl). The elution profile started with
a linear gradient of 850% buffer B in 20 min, followed by
a wash with 100% buffer B for 5 min. The flow rate was 3
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and an appropriate amount of TyIM1 in 5& of 50 mM
potassium phosphate buffer (pH 7.5). A typical assay mixture
for DesVI contained 1.2 mM substrated), 2 mM DTT, 10

mM of AdoMet, and an appropriate amount of DesVI in 50
uL of 50 mM potassium phosphate buffer (pH 7.5). The
incubations were carried out at room temperature (ca. 24
°C) and terminated by heat denaturing the protein at®0
for 4 min. A suitable amount of reaction mixture was
withdrawn at time intervals and subjected to HPLC analysis.
In the TyIM1 assay, a linear gradient from 0% to 20% buffer
B between buffer A (50 mM potassium phosphate, pH 3.5)
and buffer B (500 mM potassium phosphate, pH 3.5) over
12 min gave good separation among the substrat8.6
min), the intermediate2(7, 9.1 min), and the produc8(10.1
min). In the DesVI assay, a linear gradient from 0% to 20%
buffer B between buffer A and buffer B over 20 min gave
sufficient separation between the substra® 6.5 min), the
intermediate 9, 9.3 min), and the produciig, 17.0 min).
The thermostability of each set of substrate, intermediate,
and product was examined by HPLC analysis. No degrada-
tion was discernible in the heat-treated samples°@@or

10 min). Precautions were also taken to limit the overall
conversion to be within 10% and thus ensure initial rate
measurement.

Production and Characterization of the TylM1 Product.
A preparative scale incubation was carried out in which 7.0
umol of substrateq), 40 umol of AdoMet, and 0.05mol
of TylM1 were incubated in 1.5 mL of 50 mM potassium
phosphate buffer (pH 7.5) at 24C for 4 h. After the
conversion was completed as determined by HPLC analysis,
the TyIM1 enzyme was removed using a Centricon-10, and
the product 8) was isolated by a FPLC MonoQ HR (10/10)
column, eluted with a linear gradient of0.4 M ammonium
bicarbonate buffer over 25 min. The flow rate was 3 mL/
min, and the detector was set at 267 nm. Under these
conditions,8 was eluted with a retention time of 12.2 min.
This peak was collected, lyophilized, and subjected to
spectroscopic analysisH NMR (D,0) 6 1.11 (3H, d,J =
6.3 Hz, 5-Me), 1.75 (3H, d] = 1.2 Hz, 3'-Me), 2.18-2.22
(2H, m, 2-Hs), 2.85 (6H, s, NMg, 3.36-3.46 (2H, m, 3-H,
4-H), 3.82-3.87 (2H, m, 2-H, 5-H), 4.014.02 (3H, m, 4~

mL/min, and the detector was set at 280 nm. DesVI protein H, 5-Hs), 4.42-4.46 (1H, m, 3H), 5.42 (1H, ddJ = 7.2,

was eluted at 52% buffer B. It was concentrated by
ultracentrifugation, desalted with 50 mM potassium phos-
phate buffer (pH 7.5), and stored &80 °C.

Molecular Weight Determinatiorilhe molecular weight
of the native protein was determined by size exclusion

3.3 Hz, 1-H), 6.18 (1H, ddJ = 6.9, 6.7 Hz, 1-H), 7.56
(1H, d,J = 1.2 Hz, &'-H); high-resolution MALDI-MS calcd
for C18H29N30]_4P2 [(M + H)+] 5741203, found 574.1196.
Characterization of the Monomethylated Intermediate in
the TyIM1 ReactionWhen the aforementioned incubation

chromatography using a FPLC equipped with a Superdexwas quenched at an earlier time, two products could be

200 HR 10/30 column. The column was eluted with 50 mM
sodium phosphate buffer containing 0.15 M NaCl (pH 7.0),
and the flow rate was 0.8 mL/min. Calibration of the column

(Vi) was achieved using the protein standards from Sigma.

The void volume Y) of the column was measured using
blue dextran. A linear fit to a plot of the molecular weight

detected by HPLC (see Activity Assay for TylIM1). The one
with a retention time of 10.1 min was determined to be the
dimethylated product8). The other peak with a retention
time of 9.1 min was established to be the monomethylated
product @7) by a radioactive tracer experiment using]-
AdoMet (10uCi, diluted with cold AdoMet) as the methyl

versusVi/Vo was used to estimate the native molecular mass donor in the assay mixture. After incubation at X2 for 5

(M)) (35). The subunit molecular mass was estimated by
SDS-PAGE as described by LaemmB4).

Activity Assay for TylM1 and DesVA HPLC-based assay
was developed for TyIM1 and DesVI by monitoring the
product formation at 267 nm with an Adsorbosphere SAX
column (5um, 4.6 x 250 mm). A typical assay mixture for
TylM1 contained 1.0 mM substrat&)( 2.2 mM AdoMet,

min, the reaction was quenched, and the reaction mixture
was subjected to HPLC analysis. Both peaks (with retention
times of 10.1 and 9.1 min) were collected and their
radioactivities measured. Since this monomethylated product
did not accumulate significantly<(15%) under the normal
incubation conditions, a single turnover experiment was
carried out to generate more of the desired material for
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structural determination. Accordingly, TyIM1 protein (50 mg,
0.91umol of enzyme dimer) was incubated with an excess
amount of AdoMet in the absence of substrate in 100 mM
potassium phosphate buffer (pH 8.0). Afieh ofincubation,
the free AdoMet was removed by a Centricon-10 micro-
concentrator with three rounds of dilution/concentration. A
stoichiometric amount of substrat@é, (1.6 umol) was then
added, and the resulting mixture was incubated &tQfor

10 min, followed by quenching at 9 for 4 min. As ex-
pected, under the single turnover conditions, compaind

Chen et al.

its effect on the activity of TyIM1. Assays were conducted
as described above.

Time Courses of Methylatiofthe time courses of mono-
and dimethylation catalyzed by TylM1 were determined by
HPLC following the consumption of substrate and the
formation of monomethylated and dimethylated products. A
typical assay mixture for TyIM1 consisted of 10 mM
AdoMet, 0.5 mM7, 10.9uM TylM1, and 200uL of 50 mM
potassium phosphate (pH 7.5). Aliquots of /& were
withdrawn at appropriate time intervals, boiled, and subjected

was produced as the major product. The exact mass of thisto the aforementioned HPLC analysis using the SAX anion-
monomethylated product was determined by high-resolution exchange column. The conversion of substrate to mono-
MALDI-MS: calcd for C;7H,/Nz014P, [(M + H)1] 560.1047, methylated and dimethylated products was estimated on the
found 560.1023. The identity of this compound was eventu- basis of the integration of the corresponding peaks. The data
ally confirmed by comparison with the synthetic standard. were fitted into the rate laws for an irreversible unimolecular

Preparation and Characterization of the DesVI Product.
A preparative scale incubation to maké was carried out
in which 5.7umol of substrate13), 30 umol of AdoMet, 2
umol of DTT, and 1.8 mg of DesVI were incubated in 1
mL of 50 mM potassium phosphate/15% glycerol (pH 7.5)
at 25°C for 3 h. After the conversion was complete as judged

consecutive reaction [substrate (A» monomethylated
intermediate (B)— dimethylated product (C)]. The rate
laws for an irreversible unimolecular consecutive reaction
of (A — B — C) areva = —dx/dt = kix, vg = kix — kzy,
and vc = kyy, wherex, y, and z are the concentrations
of A, B, and C at timet, respectively. Assuming the

by HPLC analysis as described above, the DesVI enzymeinitial concentration (at time 0) of A is and those of
was removed using a Centricon-10 microconcentrator, andB and C are nil, data fitting to any two of the following

the product {4) was isolated by size exclusion chromatog-
raphy on a P2 column (% 100 cm) eluted with 0.5 M

three equations could sohMg and k;: x = a exp(—kit),
y = akfexp(—kit) — exp(-kt)l/(k2 — ki), and z =

ammonium bicarbonate. The fractions containing the product a[1 — k, exp(—kit)/(kz — k1) + ki exp(—kat)/(ko — ki)].
were combined, concentrated, and further purified by a FPLC Determination of the Kinetic Parameters for TylM1

MonoQ HR (10/10) column. A linear gradient of-0.15 M

Catalysis.Assays were carried out by varying the concentra-

ammonium bicarbonate buffer over 15 min was used to elute tions of the substrate to determine tKg and kg of the

the desired product. The flow rate was 3 mL/min, and the

first methylation step under saturating conditions of AdoMet.

monitor was set at 267 nm. The corresponding peak with a A typical assay mixture contained 2.2 mM AdoMet, 2)2

retention time of 8.0 min was collected, lyophilized, and
subjected to spectroscopic analystst NMR (D;0) ¢ 1.24
(3H, d,J = 6.4 Hz, 5-Me), 1.62 (1H, dij = 12.7, 11.7 Hz,
4-Hyy), 1.90 (3H, s, B-Me), 2.12 (1H, dtJ = 12.7, 3.4 Hz,
4-Heg), 2.3-2.4 (2H, m, 2-Hs), 2.83 (6H, s, NMg, 3.76
(1H, dt,J = 11.7, 3.4 Hz, 3-H), 3.88 (1H, df = 11.7, 3.1
Hz, 2-H), 4.+-4.2 (3H, m, 4H, 5-Hs), 4.28 (1H, ddg) =
11.7, 3.4, 6.4 Hz, 5-H), 4.59 (1H, dt,= 5.4, 3.4 Hz, 3H),
5.64 (1H, dd,J = 7.1, 3.1 Hz, 1-H), 6.33 (1H, tJ = 6.8
Hz, -H), 7.70 (1H, s, 6-H); 13C NMR (D;0) ¢ 11.6, 19.7,
29.1, 38.5, 38.6 (br, NMg, 62.0, 65.5 (dJ = 5.1 Hz), 65.8,
66.7 (d,J=8.1Hz), 70.9, 84.9, 85.2 (d,= 10.1 Hz), 95.2
(d,J=6.0Hz), 111.7, 137.3, 151.7, 1663 NMR (D;0)
0 —12.4 (d,J = 20.8 Hz),—10.6 (d,J = 20.8 Hz); high-
resolution FAB-MS calcd for @H3zoN3O13P, (M + HT)
560.1410, found 560.1400.

Assay of AdoMet Binding to TyIM1 ProteiA. mixture
containing 3 mg of TylM1 and 3.0Ci of [C®Hs]AdoMet in
250 uL of 100 mM potassium phosphate buffer (pH 8.0)
was incubated at 24C for 1 h. The mixture was then applied
to a prepacked 10-DG column (1% 10 cm) and eluted
with 100 mM potassium phosphate buffer (pH 8.0). Fractions
of 250 uL were collected, and the radioactivity of each
fraction was measured by a liquid scintillation counter.

Effects of M@" lons in TylM1 CatalysisTwo independent
experiments were carried out to investigate whethef'Mg
plays a role in TylM1 catalysis. First, various amounts of
Mg?* (over a range of 85 mM) were included in the assay
mixture to examine if Mg" could accelerate the reaction

TylM1, and various amounts of substratgranging from
0.044 to 0.994 mM) in 5aL of 50 mM potassium phosphate
buffer (pH 7.5). After incubation at 24C for 3 min, the
reactions were terminated by denaturing the enzyme at 90
°C for 4 min. Aliquots of fuL were withdrawn and subjected
to HPLC analysis. The kinetic constants of AdoMet of this
step were determined under the saturating conditions of
substrate. The incubation mixture contained/MbTylM1,
1.28 mM 7, and various amounts of AdoMet ranging from
0.045 to 1.33 mM in 56L of 50 mM potassium phosphate
buffer (pH 7.5). Likewise, determination of the kinetic
parameters of the second methylation step was performed
by holding the concentrations of TylM1 (0.48V) and
AdoMet (2.14 mM) constant, while varying that of the
monomethylated intermediat@%) over a range of 0.043
0.667 mM in a total volume of 5L of 50 mM potassium
phosphate buffer (pH 7.5). Similarly, the kinetic constants
for AdoMet of this step were determined under the conditions
in which the concentrations of TyIM1 (0.56M) and the
monomethylate@7 (0.89 mM) were held constant while that
of AdoMet was varied from 0.050 to 1.0 mM. In all cases,
the incubation was continued for 3 min at 2€ and
terminated by heat denaturation. The reaction mixture was
then subjected to HPLC analysis. The values of the kinetic
parameters were estimated by fitting the experimental data
to the Michealis-Menten equation.

Determination of the Kinetic Parameters for DesVI
Catalysis.Assays were carried out as described above by
varying the concentration of substrafe3) to determine the

rate. In a separate set of experiments, different amounts ofK,, and kes; Of the first methylation step under saturating

EDTA (0—10 mM) were added to the assay solution to probe

conditions of AdoMet. A typical assay mixture of 30
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contained 3.0 MM AdoMet, 0.5 mM DTT, 0.2éM DesVI,
and various amounts af3 (ranging from 0.105 to 1.045 mM)
in 50 mM potassium phosphate/15% glycerol (pH 7.5). After
incubation at 24C for 3 min, the reactions were terminated
by denaturing the enzyme in boiling water for 5 min.
Aliquots of 20uL were withdrawn and subjected to HPLC
analysis. Experimental data were fit into the Michealis
Menten equation to determine the kinetic parameters.

Determination of the Kinetic Constants of the DesVI
Substrate in the TyIM1 Reactioihe efficiency of TyIM1
to process the DesVI substraté3] was examined by
determining the,, andk.,; of the conversion under saturating
conditions of AdoMet. A typical assay mixture contained
3.0 mM AdoMet, 0.5 mM DTT, 3.1%uM TylM1, and
various amounts 013 (ranging from 0.105 to 1.045 mM)
in 50 uL of 50 mM potassium phosphate/15% glycerol (pH
7.5). After incubation at 24C for 3 min, the reaction was
quenched by denaturing the enzyme in boiling water for 5
min. Aliquots of 20uL were withdrawn and subjected to
HPLC analysis. The values of the kinetic parameters were
estimated by fitting the experimental data to the Michealis
Menten equation.

Determination of the Kinetic Constants of the TyIM1
Substrate in the DesVI ReactioAssays were also carried
out to determine th&,, andkg, of the TyIM1 substrate?)
when processed by DesVI. A typical assay mixture contained
3.0 MM AdoMet, 0.5 mM DTT, 2.6M DesVI, and various
amounts of7 (ranging from 0.073 to 1.024 mM) in 5L
of 50 mM potassium phosphate buffer/15% glycerol (pH
7.5). After incubation at 24C for 3 min, the reactions
were terminated by denaturing the enzyme in boiling water
for 5 min. Aliquots of 20uL were withdrawn and sub-
jected to HPLC analysis. Experimental data were fit into
the Michealis-Menten equation to determine the kinetic
parameters.

Replacement of the desVI Gene by tylM1 in a desVI
Deletion Mutant of SwenezuelaeThe tyIM1 gene was
amplified by PCR from cosmid pSET552 using the following
primers: 5CCGGGGATCCCACTTCACCGGGTTTCTCC-

3 and 3-GCGCTCTAGA ATGGCCCATTCATCCGCC-3
This fragment was digested wiba/BanHI. Meanwhile,
plasmid pDLZ3001, which was constructed in an earlier work
to make adesVIdeletion mutantZ6), was also digested with
Xba/BanHl, and the larger fragment was isolated as the
vector for cloning oftylM1. Subsequent ligation of the
amplified tyIM1 gene and the digested pDLZ3001 plasmid
resulted in the generation of pDLZM1. The 3.1 EoodRl/
Hindlll insert of pDLZM1 was then recloned into a conjuga-
tion vector pKC1139 (apramycin resistant) to give pM1. The
plasmid pM1, which was initially propagated i&. coli
DHb5a, was transformed tde. coli S17-1 62) and then
introduced by conjugal transfer into the previously prepared
KdesVI mutant ofS. venezuelaen which thedesVigene
had already been replaced by a thiostrepton gesng(63).
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Ficure 1. (A) SDS—polyacrylamide gel electrophoresis analysis
of protein samples collected from different steps during TyIM1
purification. Lanes: 1 and 6, molecular mass markers; 2, crude
extract; 3, 50% (NK),SO, fractionation; 4, DEAE-Sepharose
chromatography; 5, FPLC MonoQ 10/10 purification. (B) SBS
polyacrylamide gel electrophoresis analysis of purified DesVI
protein. Lanes: 1, purified DesVI; 2, molecular mass markers.

KdesVl/tyIM1-3 for the tylIM1-containing mutants and
KdesV/tylB-2 and KdesV/tylB-4 for thetylB-containing
mutant, were chosen for further investigation.

RESULTS AND DISCUSSION

Purification and Characterization of TyIM1 Proteiif.o
study the function of TylM1, théyIM1 gene was amplified
by the polymerase chain reaction (PCR) and cloned into the
Ndd/EcaRl sites of the expression vector pET1H)( The
resulting plasmid was used to transfoEncoli BL21(DE3)
cells, and the recombinant strain was highly effective in
producing soluble TylM1, which accounts for more than 20%
of the total proteins in the crude extract. As shown in Figure
1A, more than 200 mg of nearly homogeneous protein was
obtained fran 4 L of cell culture after two chromatographic
steps. It should be mentioned that the inclusion of 0.1 mM
AdoMet in buffers is crucial to prevent TylM1 from
precipitating during the purification. The identity of TyIM1

The resulting conjugants were allowed to grow on sporulation was confirmed by N-terminal peptide sequencing. The first
agar plates for several generations without added antibiotics.10 residues (A-H-S-S-A-T-A-G-P-Q) of this protein are
They were subsequently inoculated into 5 mL of TSB (tryptic identical to the translatetyIM1 sequence except for the

soy broth) for growth at 29C without added antibiotics.
Overnight cultures were diluted 18-10""-fold with TSB

deletion of the first methionine residue. The subunit molec-
ular mass of 27 kDa, as revealed by SEFAGE, correlates

and plated out on sporulating agar plates to screen forwell with the predicted value of 27427 Da based on the

thiostrepton-sensitive (Thpand apramycin-sensitive (A)r
clones. Two such colonies in each case, KdesVI/tyIM1-1 and

translated peptide sequence. Judging frolkh af 55.2 kDa
estimated by gel filtration, TyIM1 must exist as a homodimer.
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The electronic absorption spectrum of the purified protein enzyme is transparent above 300 nm. The inclusion of 0.1
shows no absorbance above 300 nm. The concentratednM AdoMet, 0.1 mM dithiothreitol (DTT), and 10%
TylM1 protein is stable and can endure repeated freeze/thawglycerol in buffers is essential to stabilize the DesVI protein
cycles without losing noticeable activity. It maintains its during purification.
activity at —80 °C for at least 2 years. However, TylM1 is Synthesis of  TDP-3-amino-3,6-dideaxye-gluco-
unstable at low concentrations, requiring the addition of BSA pyranoside 7). Synthesis of the TyIM1 substrat&)(was
(2 mg/mL) to the assay buffer during kinetic studies of the accomplished according to the reaction sequence delineated
enzyme. in Scheme 2. Starting from 1,2:5,6-@Hsopropylidenea-
Binding of AdoMet to TylM1 ProteinAn essential D-glucose 15), the key intermediat&7 bearing a 3-amino
characteristic for a methyltransferase is its capability to group was prepared in five ste9(-61), involving stereo-
recognize and bind AdoMet. Initial evidence indicating that chemical inversion of the 3-hydroxyl group and introduction
TylM1 is an AdoMet-dependent methyltransferase was of the nitrogen functionality at C-3 by a nucleophilic
derived from sequence alignment studies, which revealed thedisplacement with sodium azide with an overall yield of 30%.
presence of a conserved AdoMet binding moti{L-D- After carbobenzyloxy chloride treatment to protect the
V-A-C-G-T-G®) in TylM1 (32, 54-57). To test whether  3-amino moiety, the 5,6-isopropylidene group was selectively
TylM1 can actually bind AdoMet, a binding study was cleaved to givel9a (83% yield for two steps) 38).
conducted where [&i35JAdoMet was incubated with the  Subsequent C-6 iodination followed by NaBieduction
enzyme. A significant amount of radioactivity was found to gave the C-6 deoxygenated compou®a which was
coelute with the protein fraction when the incubation mixture converted to24a via acid treatment, peracetylation, and
was separated on a size exclusion column. This result isselective removal of the O-acetyl group with hydrazine
consistent with TyIM1 being an AdoMet-dependent enzyme. acetate in DMF39) (45% overall yield from22a). Phosphate
While TylM1 can bind AdoMet in the absence of the amino 26a was obtained fronR4a in pure a form by m-CPBA
sugar substrate, whether its catalysis proceeds via an orderedxidation of the corresponding phosphitéQ), followed
mechanism must await further kinetic experiments. by hydrogenation and treatment with,®O; in methanol
Metal Dependence in TylM1 Catalysis.few AdoMet- (50% vyield from 243g). After being passed through an
dependent methyltransferases are known to require a divalenAmberlite IR-120 cation-exchange column {EH™), the
metal ion, mostly Mg", for activity. For example, two triethylammonium salt oR6awas reacted with thymidine
O-methyltransferases (TylE and TylF) catalyzing the pen- 5-monophosphomorpholidate in the presencetbtdtrazole
ultimate and terminal reactions of tylosin biosynthesis have in pyridine to give7 (40), which was purified by a Bio-Gel
been shown to be Mg dependent§, 6). While the exact P-2 column (60% vyield). It should be noted that there was
role played by Mg" in these enzymes remains obscure, the an intramolecula®- — N-acetyl migration (30%) when the
absolute requirement of Mg for the activity of catechol K,COs-mediated deprotectior2ba— 263a) was performed.
O-methyltransferase (COMT) has been shown to be only in This mixture was carried on, and the N-acetylated side
a structural context5g). Crystallographic study of COMT  product could be separated at the final purification step using
with bound AdoMet and in the presence of an inhibitor, 3,5- Bio-Gel P-2 chromatography.
dinitrocatechol, revealed that Mgis not directly involved Isolation and Characterization of TylM1 Reaction Prod-
in catalysis but assists in the organization of the active site ucts.To test whether TylM1 is the desired methyltransferase,
by bringing together AdoMet and catechol. To investigate a mixture of TyIM1, AdoMet, and was incubated at 23C
whether the TylM1-catalyzed reaction is Rgdependent,  for 4 h. The product was isolated on a FPLC MonoQ column.
the effects of exogenous Mgand ion chelator on TylIM1  Spectral characterization of the purified product confirmed
activity were tested. Our results showed that the inclusion that it is indeed the dimethylated hex@&é& heN,N-dimethyl
of different amounts of Mg in the incubation had no effect group appears at 2.85 as a sharp singlet in thel NMR
on the catalysis, and the reaction rate remained unchangedpectrum. The other noticeable change is the downfield shift
when EDTA was added to the assay mixture. Evidently, of the C-2 proton signal which now overlaps with the signal
TyIM1 is not a Mgt-dependent methyltransferase. of the C-5 proton. The enzymatic conversion is quantitative.
Purification and Characterization of DesVI Proteifio Clearly, TyIM1 is an AdoMet-dependeNtN-dimethyltrans-
study the function of DesVI, thalesVlIgene was PCR ferase.
amplified and cloned into theNdd/EcdRl sites of the Interestingly, when the reaction was quenched at an earlier
expression vector pET28bj. The resulting plasmid was time, two products could be detected by HPLC using an
used to transfornk. coli BL21(DE3) cells, and the recom-  Adsorbosphere SAX column. The product with a retention
binant strain was grown at 3 in LB medium. Induction time of 10.1 min is the dimethylated produ8t The new
of this recombinant strain with IPTG led to the overexpres- product with a retention time of 9.1 min was identified to
sion of the desiredesVIgene product. This N-terminal His be the monomethylated intermedi&@e by several lines of
tagged DesVI protein was purified to near homogeneity by evidence. When [€H3]AdoMet was used as the methyl
a Ni-NTA column (Qiagen) followed by FPLC on a MonoQ donor, both products became radiolabeled, and the specific
column (Figure 1B) with a yield of 50 mg of DesVI1/6 L of radioactivity of the intermediate2f) was 50% of that of
cell culture. The subunit mass of DesVI was estimated to dimethylated product). This result suggested that the new
be 28 kDa by SDSPAGE, which agrees well with the product is likely a monomethylated species. Under normal
calculated molecular mass of 28110 Da (including thes His turnover conditions, this intermediate did not accumulate to
tag). Further analysis by size exclusion chromatography a large extent. As expected, when the supply of AdoMet
revealed that DesVI exists as a homodimer in solution with was limited in the single turnover experiment, compound
a M, of 47.4 kDa. The UV-vis spectrum of the purified 27 was produced as the predominant product. The identity
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of this compound as the monomethylated intermediate was
verified by high-resolution MALDI-MS and, ultimately, by
comparison with the synthetic standard.

Synthesis of the Monomethylated Intermediate Found in the
TyIM1 ReactionAs illustrated in Scheme 2, synthesis of the
monomethylated standa@¥ followed essentially the same
synthetic sequence as for its free amino counterpagtxcept
for the N-methylation sted@a— 18b), which was achieved
by treatment with sodium hydride and iodomethane. It is
worth mentioning that efforts to remove all protecting groups
by overnight hydrogenolysis &f5b under basic conditions
resulted in acetyl migration from C-2 to form the corre-
sponding acetamide at C-3. Attempts to deprotect the acetyl
group first by basic hydrolysis were also complicated by the
unwanted scission of the anomeric dibenzyl phosphate. A
stepwise sequence was later found to be most effed®)e (
The protocol involved partial hydrogenolysis to remove the
O-benzyl groups first, followed by base hydrolysis to

0.8

0.6

0.4

Conversion (%)

0.2

30

40 50 60

deprotect the acetyl groups, and prolonged hydrogenolysis
to unmask the 3-amino group. Subsequent coupling6af
with TMP-morpholidate gave the desired prod@@t This
chemically prepared monomethylated compound is a sub-

Time (min)

Ficure 2: Time courses of TylM1-catalyzeN-methyl-transfer
reactions , amino sugar substrate7)( ¢, monomethylated
intermediate 27); O, dimethylated produci8]]. See Experimental

. P d for details.
strate for TyIM1 and could be swiftly converted by TyIM1 rocedures for detats

to the dimethylated produét These results provided unam- 14 followed a procedure similar to that for the synthesis of
biguous evidence that TyIM1 catalyzes an N,N-dimethylation 13.
reaction by way of a monomethylated intermediate. Isolation and Characterization of the DesVI Reaction
Synthesis of TDP-3-amino-3,4,6-trideoxye-xylo-hexo- Product To test whether DesVI is the desired methyltrans-
pyranose {3). The predicted substrate of DesMI3, was ferase, the purified DesVI was incubated with its predicted
synthesized from methyl 4,6-benzylideneglucoside2) substrated3and AdoMet at 27C for 3 h. At the end of this
as delineated in Scheme 3. Preparation of the first key incubation, greater than 80% &8, which has a retention
intermediate83 was initiated by a selective monobenzylation time of 6.5 min, was consumed, and a new peak appeared
mediated by bis(tributyltin) oxide 20:30 = 8:1) 42), at 17.0 min. A subsequent large-scale incubation allowed
followed by acetylation, deprotection, dichlorination, and the isolation and purification of this new compound. Spectral
reduction 43, 44) to give 33 with an overall yield of 14%. characterization confirmed that the purified product is indeed
After hydrolysis, the configuration of 3-OH was inverted via the desired TDP-desosamin&4). Interestingly, when the
Swern oxidation and NaBHeduction to give34 (77% yield reaction was quenched at an earlier time, the monomethylated
from 33). The amino group, masked as an azide moiety, was species 39) with a retention time of 9.3 min could also
introduced at C-3 oB4 under Mitsunobu conditions4b, be detected. These findings are similar to those observed
46) to give 35in 81% yield. Subsequent demethylation at for the TylM1 reaction and unequivocally establish that
C-1 was effected by BBrat low temperature4(7), and the DesVI is the required methyltransferase in the biosynthesis
product was benzylphosphorylated to gi¥‘é (34% vyield). of desosamine. Clearly, DesVI alone catalyzes the N,N-
The final steps involved hydrogenation®7 with Pd(OH), dimethylation of the 3-amino group of its substrate in a
Degussa typed@), and coupling of the resulting product with  stepwise manner.
TMP-morpholidate 40). Reaction Time Course of TylM1-Catalyzed Methylation.
Preparation of TDPe-b-desosamingl14). To facilitate The time courses of TylM1-catalyzed mono- and dimethyl-
structural confirmation of the product obtained from the ations of7 were studied to determine the rate constants of
enzymatic reaction, the expected product, TDP-desosaminesach step. The progress of the reaction was monitored over
(14), was chemically prepared. As shown in Scheme 4, a period of 60 min by taking aliquots from the incubation at
the preparation began with the acid hydrolysis of the appropriate time intervals and subjected to HPLC analysis.
commercially available erythromycin B4Q) (49). The The percent conversions of substratetd monomethylated
released desosamine was directly acetylated to 4ivan intermediate 27) and dimethylated producB8) were esti-
89% vyield. The crude product was relatively labile at room mated on the basis of the integration of the corresponding
temperature; however, it was rendered more stable afterHPLC peaks. The incubation was conducted under saturating
neutralization by dissolving it in methylene chloride and concentrations of AdoMet. As illustrated in Figure 2,
washing with ammonium hydroxide and water. Direct monotonic consumption of the substrate and the concomitant
phosphorylation of41 using crystalline phosphoric acid formation of the dimethylation product were observed. It was
followed by alkaline hydrolysis with lithium hydroxidé&Q) also noted that the monomethylated intermediate reached a
afforded desosamine 1-phosphat8)(as a mixture ofx and steady state shortly after the reaction was initiated and did
5 anomers. The desired anomer of42 was obtained in not accumulate to a significant amount throughout the entire
12% yield after purification by Dowex 50W and Bio-Gel process. When the data were fitted to the rate law of
P-2 column chromatography. The subsequent coupling with irreversible unimolecular consecutive reactions, rate constants
TMP-morpholidate and the purification of the desired product of 0.020 and 0.062 mirt for the respective mono- and
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Table 1: Kinetic Parameters for the Methylation Catalyzed by
TylM1 and DesVI on Various Substrates A

kcat Km kca{Km
enzyme substrate  (min™Y) (uM) (mintmM~Y) @}

TylM1 7 9.9 59.4 166.7
TylM1 27 32.5 46.8 694.4
TylM1 13 7.2 118.4 60.8
DesVI 13 92.0 307.4 299.3
DesVI 7 4.2 276.6 15.2
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Rate (uM/min)

dimethylation steps of the TyIM1 reaction were deduced.
The data here clearly indicate that the monomethylated
intermediate is not an aberrant shunt product prematurely
leaking from the enzyme active site. It is kinetically 0d ! \ \ \ ! !
competent and should be the true intermediate during 0 02 04 06 08 1 12 14
catalysis. AdoMet

Kinetic Parameters for Both Methylation Steps in the
TyIM1 Reaction.The kinetic parameters for the mono-
methylation step catalyzed by TylIM1 were determined by B
following the rate of substrat&( consumption. The values 20 |-
of Ky, and k.ot were deduced by fitting the initial reaction
rates to the MichaelisMenten equation based on nonlinear
regression. In these experiments, the concentration of one
substrate (AdoMet of) was kept fixed while that of the
other was varied. When the concentration7ofvas main-
tained at 1.28 mM, th&,, for AdoMet was determined to
be 98.9+ 1.2 uM, and thek., was estimated to be 55
0.2 minm?t (Figure 3A). Similarly, when the concentration 5
of AdoMet was maintained at 2.2 mM, K, of 59.44+ 6.1
uM was determined for the amino sugar substrd@jegnd a
keat Of 9.9 & 0.2 minm? was obtained from curve fitting o% 0'2 0‘4 0‘6 0‘8 ; 19
(Figure 3B). Following an analogous approach, the kinetic ’ ) ' ) '
parameters were also determined for the second half of Substrate (7) (mM)
methylation by following the rate of formation of the FRicure 3: (A) Determination of steady-state kinetic parameters
dimethylated product8) using chemically prepared7 as for the first methylation of amino sugat catalyzed by TylM1.

the substrate. It was found that tkg for AdoMet is 117.0 Rates of individual reactions were obtained by incubating varying
+ 1.6 uM with a keat Of 51.4- 1.7 min* under conditions amounts of AdoMet (0.0451.33 mM) with 4.54M TylM1 and

. 1.28 mM amino sugar as described in Experimental Procedures.
when27 was kept at 0.89 mM (Figure 4A). The correspond- The initial rates were plotted against the AdoMet concentrations
ing values oK, andk.,:for the monomethylated intermediate  (mM) to obtain the data shown above. (B) As above, rates of
27 were determined to be 468 3.4 uM and 32.5+ 0.5 individual reactions were obtained by incubating varying amounts
min~%, respectively, when the concentration of AdoMet was ©f @mino sugai (0.044-0.994 mM) with 2.2«4M TyIM1 and 2.2
L . mM AdoMet as described in Experimental Procedures. The initial
maintained at 2.14 mM (Figure 4B). The apparent secondaryrates were plotted against the sugar substrate concentrations to
rate constantk¢,/Kn) of the sugar substrate for the second optain the data shown above.
step is about four times that of the first step (see Table 1).
This correlates well with the rate constants estimated by data Kinetic Parameters for the DesVI-Calalyzed Reactitime
fitting in the reaction time course study, in which the second kinetic parameters of this reaction were determined by
step rate constant is about three times that of the first step.following the rate of substratel8) consumption, and by
Since the second step has a considerably greater reactioffiitting the initial reaction rates to the Michaelidlenten
rate, the intermediat27 is not expected to accumulate during equation based on nonlinear regression. As shown in Table
reaction, which again agrees well with the experimental 1, the K, and k., values for the amino sugat3 were
observations. It is important to note that tkg values for determined to be 307.4M and 92.0 min?, respectively,
the substrate7) and the monomethylated intermedia®¥) when the concentration of Ado-Met was maintained at 3.0
are comparable, indicating that the binding interactions within mM. Due to the limitation of resources and manpower, no
the Michaelis complex of these two species should be similar. attempt to synthesize the monomethylated intermed&te (
Thus, the higher rate of the second methylation step may bewas pursued. Thus, no kinetic analysis of the second half of
attributed to differences in the inherent reactivity of these the reaction was performed.
two substrates, rather than to differences in sugar binding to Heterologous Expression of the tyIM1 Gene in the desVI
TylM1. Since the monomethylated amino group 2i is Deletion Mutant of SvenezuelaeSince both TylM1 and
intrinsically a better nucleophile than the unsubstituted amino DesVI are AdoMet-dependehtN-dimethyltransferases and
group in7, the reaction rate of this\&@-type methyl transfer  their substrates are aminodeoxy sugars, it is likely that their
reaction is expected to be higher for the second half reactionin vivo catalytic roles are interchangeable. To explore this
than for the first methylation reaction. possibility, an experiment was designed to test whether

25

15 -

10 |-

Rate (uM/min)
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30 was discernible. In comparison with the results obtained from
A a 50 mL culture of the wild-type strain prepared in parallel,

o5 | o Q it was estimated that 90% of methymycin/neomethymycin
production was restored in the KdesVI/tyIM1 strain. These

© results are consistent with TylM1 as a competent substitute

N
o
T

O for DesVI and also indicate that TyIM1 has relaxed specific-
ity toward its sugar substrate.

Determination of Kinetic Parameters for TylM1 and DesVI
Using Alternate Substrate3o gain further information on
the efficiency with which TylM1 and DesVI process alterna-
tive substrates, kinetic analyses of the TylM1 and DesVI
5 catalysis usingl3 and 7 as alternate substrates were
performed. When the DesVI substrafi8) was used as an
0 t \ \ l I alternative substrate for the TylM1 reactionKa of 118.4
0 02 04 06 08 1 1.2 uM for 13 and akes of 7.2 mirm! were obtained. Similarly,

AdoMet (mM) using the TylM1 substrater) for the DesVI reaction, the
values ofK,, andk., were determined to be 276.6M and
4.2 mirr?, respectively. As summarized in Table 1, when
TylM1 is used as the methyltransferase, the valuek.of
observed with7 and 13 are similar. However, the value of
Km for 13 is twice that for7. On the contrary, when DesVI
is used as the methyltransferase, there is a large difference
between the values &, observed for7 and 13, whereas
the values oK, for the two substrates are similar. Judging
from the apparent secondary rate constakts/Km), the
difference between TylM1 and DesVI in catalyzing the
methylation ofl3is 5-fold, whereas the difference increases
to more than 10-fold whef is used as the substrate.

Rate (uM/min)
o
|

—
o
T

Q

Rate (uM/min)

0d | | ! ! ! ! CONCLUSION
0 01 02 03 04 05 06 07

Methylation catalyzed by an AdoMet-dependent methyl-

Monomethylated intermediate (27) (mM) transferase is an effective means to alter the hydrophilicity
FIGURE 4: (A) Determination of steady-state kinetic parameters and/or nucleophilicity of a molecule. While a large number
for the second methylation of amino su@atcatalyzed by TyIM1. of enzymes capable of catalyzing methylation at carbon,

Rates of individual reactions were obtained by incubating varying oxygen, sulfur, and nitrogen atoms are known, only a few

amounts of AdoMet (0.0561.0 mM) with 0.56uM TylM1 and e .
0.89 mM monomethylated amino sug&7 as described in are able to catalyze N,N-dimethylatio®%67). A few

Experimental Procedures. The initial rates were plotted against the'@Presentatives of this class include PEM-2, a phospholipid
AdoMet concentrations to obtain the data shown above. (B) As methyltransferase that catalyzes the methylation of phos-

above, rates of individual reactions were obtained by incubating phatidylethanolamine, preferentially the second and third
varying amounts of amino suga# (0.043-0.667 mM) with 0.43 methyl-transfer steps, to form phosphatidylcholirBs)(

uM TyIM1 and 2.14 mM AdoMet as described in Experimental : .
Procedures. The initial rates were plotted against the sugar substrat MT1, a protein-arginine methyltransferase that catalyzes

concentrations to obtain the data shown above. oth theN®-monomethylation antli®,N®-asymmetric dimeth-
ylation of protein arginine residues, an important process in
incorporation of thetyIM1 gene in thedesVIdeletionS. modulating mRNA splicing as well as growth factor local-

venezuelaenutant strain could restore the phenotype of the ization and function 7, 68); and TIrA, the product of a
mutant strain to that of the wild type. In this experiment, resistance gene isolated from the tylosin prod&dradiae

the tyIM1 gene in the plasmid pM1 was introduced via catalyzes the dimethylation of a single base N&N°-
conjugal transfer into KdesVI-2126), a previously con-  dimethyladenine within 23S rRNA rendering the bacterial
structedS. venezuelaenutant whoselesVigene was replaced  strain resistant to macrolide, lincosamide, and streptogramin
by a thiostrepton-resistant geng3). Screening of double B type (MLS) antibiotics §6). Interestingly, studies of the
crossover mutants resulted in six colonies, all of which had catalyses of TylM1 and DesVI have established their roles
a thiostrepton-sensitive phenotype. Two of these colonies, as the required methyltransferase involved in the biosynthesis
KdesVI/tyIM1-1 and KdesVI/tyIM1-3, were selected and of mycaminose and desosamine, respectively. Each enzyme
fermented in 50 mL of the methymycin production medium is capable of catalyzing the N,N-dimethylation of an amino
(63). The fermentation broth was centrifuged to remove the sugar, via a monomethylated intermediate, in a stepwise
cellular debris and mycelia, and the supernatant was adjustednanner. Thus, our results introduce TyIM1 and DesVI as
to pH 9.5 with concentrated KOH, followed by extraction new members of a small family of enzymes that are capable
with chloroform. Methymycin 9) and neomethymycinl(Q) of catalyzing N,N-dimethylation.

were found to be the major products, and no 10-deoxy- TylM1 and DesVI are homodimeric proteins and have
methynolide (the 10-deoxy aglycon 8 (64), which is the nearly identical biochemical properties. Similar to most
major metabolite produced by tdesVIdeletion mutantZ6), AdoMet-dependent methyltransferases, the reactions cata-
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lyzed by TylIM1 and DesVI are likely initiated with the
binding of AdoMet, followed by complex formation with

Chen et al.

groups. With the addition of TyIM1 and DesVI to the arsenal
of well-characterized biosynthetic genes, our ability to

the sugar substrate. After the first N-methylation of the C-3 prepare designed glycoconjugate analogues with novel
amino group of7 or 13, the corresponding monomethylated tailored biological activities is significantly enhanced.

intermediate 27 or 39) and the Sadenosylhomocysteine

byproduct are expected to release from the enzyme activeACKNOWLEDGMENT

site. The recruitment of another molecule of AdoMet renders
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the enzymes ready for the second round of methylation, onq Ejj Lilly Research Laboratories for their generous gifts

eventually leading to the desired dimethylated prod8air(
14). The proposed reaction sequence is consistent with the

of the plasmids pSET552, pHJL309, pHJL311, and POJ190.
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