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ABSTRACT. The antitumor drug aclacinomycin A is a representative member of the anthracycline subgroup
that contains a €O-trisaccharide chain composedie?-deoxysugars. The sugar portion of the molecule,
which greatly affects its biological activity, is assembled by dedicated glycosyltransferases; however,
these enzymes have not been well-studied. Here we report the heterologous expression and purification
of one of these enzymes, AknK, as well as the preparation of diI-Rfleoxysugar donors, dTDPR2-
deoxyfucose and dTDP-daunosamine, and the monoglycosyl aglycone, rhodosaminyl aklavinone. Our
experiments show that AknK catalyzes the addition of the second sugar to the chain, using-@TDP-
deoxyfucose and rhodosaminyl aklavinone, to createLtBedeoxyfucosylk-rhodosaminyl aklavinone.

AknK also accepts an alternate dTDRfsugar, dTDR--daunosamine, and other monoglycosylated
anthracyclines, including daunomycin, adriamycin, and idarubicin, to build alternate disaccharides on
variant anthracycline backbones. Remarkably, AknK also catalyzes a tandem addition of ais€eond
deoxyfucosyl moiety, albeit with reduced activity, to the natural disaccharide chain to produce
L-deoxyfucosyl-deoxyfucosyle-rhodosaminyl aklavinone, a variant of the natural aclacinomycin A. These
results demonstrate that AknK may be a useful enzyme for the chemoenzymatic synthesis of anthracycline
variants.

Anthracyclines make up a class of microbial natural the glycosyltransferase (Gtf), DnrS, transfeidaunosamine,
products with potent antitumor activity. Among them, a 2,3,6-trideoxy-3-amino-hexose, to the aglycone scaffold
daunomycin (daunorubicid) and adriamycin (doxorubicin)  (5). In contrast, aclacinomycin A& is representative of an
2 (Figure 1), produced byStreptomyces peucetjusre anthracycline subfamily with a trisaccharide chain, consisting
clinically used in United States to treat cancgy. (Aclaci- of L-rhodosamine,-2-deoxyfucose, and-cinerulose A. The
nomycin A (aclarubicin)3, produced byStreptomyces terminal sugar initially added to the disaccharyl anthracycline
galilaeus is used in Japan and France for the treatment of is believed to bea.-rhodinose, which is then converted to
acute leukemias and non-Hodgkin's lymphon®s3}. These L-cinerulose, a 2,3,6-trideoxy-4-ketehexose. Interestingly,
anthracyclines achieve their antitumor activities by intercalat- only two Gtf genesAknSand AknK, have been identified
ing DNA duplexes and stabilizing topoisomerase ll-mediated so far in the biosynthetic gene cluster of the aclacinomycin
double-stranded DNA breaks. The accumulation of double- A-producing strain§, 6), raising the possibility that one of
stranded DNA fragments triggers the programmed cell deaththe Gtfs may catalyze the addition of two sugar moieties
of cancer cells as well as normal proliferating cet. ( during aclacinomycin A maturation.

Anthracycline compounds are composed of a conserved Kinetic analysis and crystallographic characterization of
tetracyclic aglycone, 7,8,9,10-tetrahydro-5,12-naphthacene-anthracyclineeDNA complexes indicate that the sugar
quinone, and diversified-deoxysugar moieties. The tetra- moiety appended at the;OH position serves as a minor
cyclic aglycones are assembled by type Il polyketide groove binder and is critical for the interaction between DNA
synthases (PKSs) through nine cycles of malonyl-CoA and anthracyclines7¢10). Therefore, many efforts have
addition, cyclization, and oxidative transformations. The been made to chemically synthesize new anthracycline-like
assembled aglycones are subsequently glycosylated at thentitumor compounds by changing the sugar moiety ap-
C;-OH position by dedicated anthracycline glycosyltrans- pended to the aglycon&1—15). Among them, the monosac-
ferases in the later stages of anthracycline biosynthésis ( charide-containing idarubicid and epirubicin5 are in
2). In the biosynthesis of daunomycinand adriamycir?, clinical use, and the disaccharide-containing MEN10855

is in clinical trials (Figure 1) 16—18). However, the
. . ) _ synthesis of these compounds, especially the disaccharide-
Gr;}giggg'g V(ﬁ(?sc?#f’vﬁ,?)”gﬁ(; ”6225‘ 4b(3{0NSFEIr;?| Institutes of Health containing derivatives, is not a trivial operatiati( 14, 15).

*To whom correspondence should be addressed: Department of Since the post-assembly line decorations of anthracycline
Biorllogilcazl4%hfor2i5\% cijncz\\l/\:leol%cct)lsl?c;nPIﬁ/&moazclc)i%gxghlg%re\/_ar(%gicﬂggl aglycones are carried out by anthracycline Gtfs, it may
fglgolfax: 617) 9132-0438. E'-’maiI: chlristopher_wallsh@hm-s.harvard.edu.become fe.‘aSIble _tO l_JtIllze thes.'e. enzymes to prepare .n.ovel

* Harvard Medical School. anthracycline derivatives containing various sugar modifica-

8 Princeton University. tions. Like many natural product Gtfs, the biochemical
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information about these anthracycline glycosyltransferasessequence of the resulting plasmid, pET-22b-AknKgHigas

is scarce because of the tripartite difficulty in obtaining
purified Gtfs, the acceptors, and the NDP-deoxysugar donors

In this paper, we report the cloning, heterologous expres-

sion, and purification of AknK, a putative Gtf from the
aclacinomycin A operongd). We also report the synthesis
of dTDP+-daunosamind0 and dTDP:-2-deoxyfucosel 4

confirmed before it was transformed into BL21(DE3)

.competent cells.

Heterologous Expression and Purification of AknK

TheE. coliBL21(DE3) transformants were inoculated in
10 mL of LB medium containing 100g/mL ampicillin, and

and demonstrate that they are good substrates for AKnK in\yere grown at 37C overnight. The overnight culture was

the glycosylation of several monoglycosylanthracyclines.
Furthermore, we find that AknK catalyzes a tandem glyco-
sylation reaction, the double addition pf2-deoxyfucose.

added © 1 L of LB medium supplemented with 10@/mL
ampicillin. The cell growth was maintained at 3 until
the ODyo reached 0.6, at which point it was induced with

These results lay the groundwork for the enzymatic genera-g 3 mm IPTG at 15°C for an additional 20 h. The cells

tion of anthracycline analogues using anthracycline Gtfs.
MATERIALS AND METHODS

Materials

The pET-22bEscherichia coliexpression vector was
purchased from Novagerkt. coli Topl0 and BL21(DE3)
competent cells were purchased from Invitrogen. Primers
were ordered from Intergrated DNA Technologfu DNA

were harvested by centrifugation, and the cell pellets were
resuspended in buffer A [25 mM Tris (pH 8.0), 5 mM
imidazole, and 500 mM NacCl]. The cells were lysed by being
passed once through a French cell press at 15 000 psi. After
centrifugation at 14009for 20 min, the cell lysates were
mixed with 1 mL of pre-equilibrated NiNTA resin at 4°C

for 1 h before they were loaded into an Econo column at a
flow rate of 1 mL/min. The column was washed with buffer

A followed by buffer A with 30 mM imidazole. The proteins

polymerase was purchased from Stratagene. Restrictionwere eluted off the column with buffer A supplemented with

enzymes and T4 DNA ligase were purchased from New
England Biolabs. The NtNTA resin was purchased from
Qiagen, and the Econo column was purchased from Bio-
Rad. Daunomycin, doxorubicin, aclacinomycin A, and ida-
rubicin were purchased from Sigma. Epirubicin was pur-
chased from Calbiochem.

Plasmid Construction

The AknK gene was PCR amplified from plasmid
pSgcl5.1, a gift from S. Torkkell and colleagu&y, Using
the following primer pair: 5AAAAAAGAATTCATGAAG-
GTCCTGTTCAACACG-3 and 3-AAAAAAAAGCTTCT-
GCTCCCCTCGGACGGTGCC*3The restriction sites are
underlined. The PCR product was subcloned into the pET-
22b vector usingecarl and Hindlll sites. TheAknK gene

200 mM imidazole. The desired fractions as determined by
12% SDS-PAGE were combined, transferred to a Slide-
A-Lyzer dialysis cassette (10 kDa molecular weight cutoff),
and dialyzed twice agaih® L of dialysis buffer [50 mM
Tris (pH 8.0), 100 mM NaCl, 2 mM DTT, and 10% (v/v)
glycerol]. The protein concentration was determined from
its theoretical extinction coefficient at 280 nm (60 855'M

1 Abbreviations: PCR, polymerase chain reactionANIS, liquid
chromatographymass spectrometry; MALDI-TOF, matrix-assisted
laser desorption ionization time-of-flight; DMSO, dimethyl sulfoxide;
Tris, tris(hydroxymethyl)aminomethane; dTDP;d2oxythymidine 5
diphosphate; IPTG, isopropytthio-3-p-galactoside; DTT, dithiothrei-
tol; BSA, bovine serum albumin; DMAP, (dimethylamino)pyridine;
TMS-I, iodotrimethylsilane; DIPEA, diisopropylethylamine; Cbz, ben-
zyloxycarbonyloxy; TOCSY, total correlation spectroscopy; ROESY,
rotating frame Overhauser enhancement spectroscopy.
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cmY). The protein samples were aliquoted as 140
fractions, flash-frozen in liquid nitrogen, and stored-&&0
°C.

Reagents for Synthesis of dTDP-Deoxysugars

For the synthesis of dTDP-sugars, all chemicals were
purchased from Aldrich or Sigma, unless otherwise noted,
and used without further purification. Solvents were reagent-

grade and were further dried when necessary. Analytical thin-
layer chromatography was performed on glass plates pre-

coated with silica gel (250m, Sorbent Technologies), with
detection by UV and/or spraying with,BO, (50%). Flash
chromatography was carried out on silica gel (60 A-83
um), purchased from Sorbent Technologies. Analytical
HPLC of reaction mixtures was performed on a Hewlett-
Packard 1100 series instrument using a Phenomenx Luna

um C18 column (250 mmx 4.6 mm). Compounds bearing H
a thymidine chromophore were monitored at an absorbance

of 270 nm. Reactions were monitored by HPLC using
gradient A (HO/0.1% NHHCO; to 100% MeOH/0.1% Nt
HCG; linear gradient over the course of 25 min). Preparative

HPLC was performed on a Varian ProStar instrument using

a Phenomenex Luna 10m C18 column (250 mmx 50
mm). NMR spectra were recorded on a Varian Inova 400 or

500 MHz spectrometer. Mass spectra (ESI) were recorded
at the Mass Spectroscopy Facility at the Department of

Chemistry, Princeton University.

Synthesis of dTDP-Daunosamine and
dTDP+-2-Deoxyfucose

1,4-Di-O-acetyl-3-N-benzyloxycarbonyldaunosaming.
To a solution of daunosamine hydrochlorid®,(20) (7, 200
mg, 1.10 mmol) in MeOH (15 mL) were added;Ht(0.23
mL, 1.65 mmol) and Cbz-succinimide (0.550 g, 2.20 mmaol).

Lu et al.

0.297 mmol) was added dropwise to the solution. After being
stirred for 10 min, the reaction mixture was lyophilized. TDP
tetrabutylammonium salt2Q) (0.240 g, 0.27 mmol) was
dissolved in a mixture of benzene (1.5 mL) and CH (2
mL). DIPEA (47 uL, 0.27 mmol) was added, and this
solution was added to the iodide at 40. The solution was
allowed to stir fo 3 h while warming to room temperature.
The progress of the reaction was monitored by analytical
HPLC [gradient Atr(TDP) = 2.4 min,tr(9a) = 12.70 min,
andtg(96) = 12.75 min]. The reaction was quenched with
0.1 mL of DIPEA and 0.1 mL of MeOH, and the mixture
was concentrated and purified by preparative HPLC. Frac-
tions containing predominantly thieisomer were pooled and
evaporated to give the ammonium salt®{40 mg, 21%,
1:2 a/p3) as a white powderH NMR (400 MHz, D,O)
7.71 (s,p-6-H), 7.68 (s,a-6-H), 7.33-7.27 (m, aromatic),
.26-6.20 (m,3-1'-H, a-1'-H), 5.68 (d,J; .= 7.1 Hz,o-1"-
), 5.26 (t,J = 8.2 Hz,3-1"-H), 5.07-4.94 (m,o.,3-4"'-H,
CHzPh), 4.54-4.48 (m,a,-3-H), 4.35 (q,Js6 = 6.0 Hz,
a-5"-H), 4.13-4.04 (m,a.5-4-H, o, 3-5-Hy, 0-3"'-H), 3.90-
3.84 (m,3-3"-H, -5"-H), 2.27-2.19 (m,a,3-2'-H,, o-2"'-
Ha), 2.10 (s, thymidine Chkj, 2.05-1.98 (m,a-2"-Hp, 5-2''-
Ha), 1.86 (s,a,3-COCH;), 1.67 (m,3-2""-Hy), 1.08 (d,Js6
= 6.4 Hz,[3-6"-H3), 1.04 (d,Js6 = 6.4 Hz, a-6"-H3); 3P
NMR (162 MHz, D,O) 6 —10.83,—12.82; LRMS (ESI) for
CoeH35N3016P (70715) 706 ([M— H] 7)

Thymidine 5(a.,5-L-Daunosaminyl Diphosphatdp. The
protected TDP-suga®( 10 mg, 14umol) was dissolved in
an MeOH/HO/EN mixture (2:2:1, 5 mL) and stirred for
16 h. The reaction mixture was concentrated and dissolved
in MeOH (5 mL) and HO (5 mL). To this solution was
added Pd/C (10 mg), and the mixture was hydrogenated (1
atm) for 1 h. The progress of the reaction was monitored by
analytical HPLC [gradient Afr(108) = 6.20 min andtg-
(100) = 6.25 min]. The reaction mixture was filtered through

The solution was stirred for 15 min and then evaporated to a pad of Celite, concentrated, and purified by preparative
dryness. Purification of the residue by flash chromatography HPLC. Fractions with retention times of 6.20 min were

(1:1 petroleum ether/EtOAc) gave tNeCbz derivative (297
mg, 96%);R = 0.86 (8:1 CHCI,/MeOH). This compound
(297 mg, 1.06 mmol) was dissolved in pyridine (2 mL), and
Ac,O (0.35 mL) and DMAP (3 mg) were added to the
solution. After the mixture had been stirred for 4 h, the

pooled to give the ammonium salt D63 (3 mg, 38%) as a
white solid: *H NMR (400 MHz, D,O) 6 7.69 (s, 1H, 6-H),
6.36 (t,J = 7.1 Hz, 1H, 1-H) 5.20 (t,J = 7.8 Hz, 1H, 1-
H), 4.64 (m, 1H, 3H), 4.16 (m, 3H, 4H, 5-H,), 3.72 (q,
Js6= 6.4 Hz, 1H, 5-H), 3.46 (d,J,3= 2.4 Hz, 1H, 4-H),

reaction was quenched by adding MeOH and evaporated t03.02 (m, 1H, 3-H), 2.37-2.31 (m, 2H, 2H,), 2.00 (m, 1H,

dryness. The residue was dissolved in,CH and washed
with 1 N HCI (twice), HO, saturated agueous NaHg@nd
brine. The organic layer was dried (MgQfiltered, and
evaporated, and the oily residue was purified by flash
chromatography (4:1 petroleum ether/EtOAc) to ghvas a
mixture of anomers (347 mg, 90%, 2ud5): *H NMR (400
MHz, CDCL) for 8o 6 7.35 (m, aromatic), 6.23 (s, 1-H),
5.12 (m, CHPh), 4.79 (dJ; 4= 8.4 Hz, 4-H), 4.33 (m, 3-H),
4.19 (q,Js6 = 6.4 Hz, 5-H), 2.16 (s, 2COC#)i 2.04-1.89
(m, 2-Hy), 1.12 (d,Js 6 = 6.4 Hz, 6-H); *H NMR (400 MHz,
CDCl) for 86 6 7.35 (m, aromatic), 5.77 (dy » = 9.2 Hz,
1-H), 5.12 (m, CHPh), 4.84 (dJs4 = 7.7 Hz, 4-H), 4.08
(m, 3-H), 3.83 (q,J56 = 6.7 Hz, 5-H), 2.07, 2.04 (2 s,
2COCH) 2.02-1.77 (m, 2-H), 1.18 (d,Js s = 6.7 Hz, 6-H);
LRMS (ESI) for GgH2sNO7 (365.15) 365 ([MY).

Thymidine 5(4-O-Acetyl-3-N-benzyloxycarbonylf-L-
daunosaminyl Diphosphate). Lactol (8, 100 mg, 0.27
mmol) was azeotroped with toluene (twice), dissolved in
benzene (2.5 mL), and placed under argon. TMS-14#2

2""-Hg) 1.90 (s, 3H, thymidine C}), 1.58-1.50 (m, 1H, 2-
Hp), 1.21 (d,Js5 = 6.41 Hz, 3H, 6-H3); 3P NMR (162
MHz, D,0) 6 —10.62,—12.95; LRMS (ESI) for GsH7N-
O15P; (531.10) 530 ([M— H]").
3,4-Di-O-acetyl-2-deoxg-L-fucospyranosyl Phosphate.
3,4-Di-O-acetyli+-fucal (11, 0.100 g, 0.47 mmol)22, 23)
was azeotroped with benzene (twice) and dissolved in
benzene (2 mL), and HCI(g) was bubbled through the
solution for 15 min. After removal of the solvent, the residue
was azeotroped with benzene to remove excess B@I (
The oily residue was dissolved in GEl, (1 mL), and the
pH was brought to 9 by dropwise addition of DIPEA. This
solution was cooled to 0C, and a solution of BINH,PO,
(0.319 g, 0.94 mmol) and DIPEA (0.164 mL, 0.94 mmol)
in CH,CI, (2 mL) was added dropwise. The reaction mixture
was allowed to stir fo 2 h while warming to room
temperature, at which point it was concentrated and purified
by reversed phase HPLC £§6/0.1% NHHCO; mixture for
5 min and then a linear gradient to a 100% MeOH/0.1%
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NH4HCO; mixture over the course of 50 min, at a flow rate
of 45 mL/min). Evaporation of the product-containing
fractions & = 0.90, 1:1 HO/MeOH, Gg TLC) gavel2as

a white powder (30 mg, 22%)*H NMR (400 MHz, C»-
OD) ¢ 5.21 (m,J,p= 8.1 Hz, 1H, 1-H), 5.06:5.02 (m, 2H,
3-H, 4-H), 3.82 (q,Js6 = 6.4 Hz, 1H, 5-H), 2.12 (s, 3H,
COCHp), 2.09-2.07 (m, 1H, 2-H), 1.95 (s, 3H, COCH),
1.90-1.82 (m, 1H, 2-H), 1.16 (d,Js s = 6.2 Hz, 3H, 6-H);
3P NMR (162 MHz, CRQOD) 6 —0.25 J;p = 8.2 Hz):
LRMS (ESI) for GoH1704P; (312.16) 311 ([M— H]").

Thymidine 5(3,4-Di-O-acetyl-2-deoxy-L-fucopyranosyl
diphosphate)13. Phosphate 12, 40 mg, 0.09 mmol) and
TMP morpholidate (96 mg, 0.14 mmol) were azeotroped with
pyridine (thrice) and then dissolved in pyridine (0.5 mL).
Tetrazole (22 mg, 0.28 mmol) was added to this solution,
and the reaction mixture was stirred under argon for 2 days.
The progress of the reaction was monitored by analytical
HPLC [gradient A,tr(TMP morpholidate}= 8.8 min and
tr(13) = 8.1 min]. After removal of the solvent, the residue
was dissolved in 0.1% aqueous MHCO; (7 mL) and
extracted with diethyl ether (7 mL). The water layer was
purified by preparative HPLC to give the ammonium salt of
13 (44 mg, 79%) as a white powdetH NMR (400 MHz,
D20) 6 7.75 (s, 1H, 6-H), 6.36 (m, 1H,-H), 5.20 (t,J1.=
Jip= 8.7 Hz, 1H, 1'-H), 5.08-5.04 (m, 2H, 3-H, 4"-H),
4.58 (m, 1H, 3H), 4.15 (m, 2H, 4H, 5-Hy), 3.72 (9,Js56
= 6.0 Hz, 1H, 5-H), 2.37-2.31 (m, 1H, 2H,), 2.17 (s,
3H, COCH), 2.03 (m, 1H, 2-Hp) 1.97 (s, 3H, thymidine
CHjy), 1.91 (s, 3H, COCh), 1.84 (m, 1H, 2-Hy), 1.16 (d,
Js6 = 6.4 Hz, 3H, 6-Hj); 3P NMR (162 MHz, BO) 6
—10.8,—13.0; LRMS (ESI) for GoH3oN2046P, (616.33) 615
(M —H]).

Thymidine 5(2-Deoxyg-L-fucopyranosyl Diphosphalte
14. dTDP-sugar 13, 30 mg, 49umol) was dissolved in an
MeOH/H,O/Et;N mixture (2:2:1, 5 mL). The solution was
stirred for 16 h, evaporated to dryness, and purified by
preparative HPLC, affordingld (15 mg, 58%) as its
ammonium salt (gradient Az = 6.15 min): *H NMR (400
MHz, DZO) 07.70 (S, 1H, 6-H), 6.36 (Ul,zaz Jiop=16.8
Hz, 1H, 1-H), 5.19 (t,J12= J1p= 8.9 Hz, 1H, I'-H), 4.61
(m, 1H, 3-H), 4.16 (s, 3H, 4H, 5-H,), 3.87 (dt,Js4= 4.2
Hz, J;, = 12.6 Hz, 1H, 3-H), 3.69 (q,Js6 = 6.4 Hz, 1H,
5"-H), 3.57 (bs, 1H, 4-H), 2.40-2.33 (m, 1H, 2-H,), 2.10
(m, 1H, 2'-Hy), 1.91 (s, 3H, thymidine C§), 1.73-1.65 (m,
1H, 2'-Hp), 1.27 (d,Jss = 6.41 Hz, 3H, 8-Hy); 3P NMR
(162 MHz, DO) 6 —10.78, —13.01; LRMS (ESI) for
CieH26N2014P, (531.03) 530 ([M— H]").

Preparation of Rhodosaminyl Aklanone 15

Rhodosaminyl aklavinon& was prepared by limited acid-
catalyzed hydrolysis of commercially available aclacinomy-
cin A 3 with 0.1 M HCI in dry methanol at 25C for 30
min. Compoundl5 was purified using a Beckman Gold
Nouveau HPLC system with a Vydac semi-pre €lumn
using a gradient from 0 to 100% acetonitrile in 0.1%
trifluoroacetic acid (TFA) and kD over the course of 20
min at a flow rate of 3 mL/min. The product-containing
fractions were combined and lyophilized. The mass of
purified 15 (M + H]™ = 570.6) was confirmed by LE
MS, and the purity was greater than 95%.
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Characterization of the First Glycosylation Reaction
Catalyzed by AknK

dTDP+-deoxysugars and the anthracycline monoglyco-
sides were incubated with 500 nM tq®1 AknK in 50 uL
of reaction buffer [75 mM Tris (pH 7.5), 12 mM Mggll
mg/mL BSA, and 20% (v/v) DMSQ] at 2%C for 1—5 min.
An aliquot (25uL) of the reaction mixture was quenched
with 125uL of methanol. The samples were centrifuged for
2 min at 13000 rpm. The supernatants were subjected to
HPLC analysis with a Vydac small pore;g3column, and
the products were monitored at 435 nm. The molecular
weights of the desired products were confirmed by-LC
MS or MALDI-TOF. The peaks for the diglycosylated
products and remaining monoglycosylated substrates were
integrated, and the product concentration was deduced from
its percentage of the total peak area.

Preparation of 2-Deoxyfucosyl Rhodosaminyl Akt@ne
16 and Characterization of the Second Glycosylation
Catalyzed by AknK

Compoundl6 was enzymatically synthesized with xM
AknK under the following conditions: 75 mM Tris (pH 7.5),
1 mM dTDP+-2-deoxyfucoseld, 2 mM rhodosaminyl
aklavinonel5, 12 mM MgCh, 1 mg/mL BSA, and 20% (v/
v) DMSO. The reaction mixture was kept at Z5 overnight.
The desired produd6 was purified with a Vydac small pore
Cis column{65:35 MeOH/HO [50 mM NH,OAc (pH 7.0)],
1 mL/min}. The molecular weight of the purified product
was confirmed by MALDI-TOF and NMR analysistH
NMR (CDCl;, 500 MHz)6 12.70 (s, 1H, 4-OH), 12.04 (s,
1H, 6-OH), 7.85 (ddJ; 3= 1.1 Hz,J; , = 7.4 Hz, 1H, 1-H),
7.71 (m, 2H, 2-H, 11-H), 7.32 (ddy 3= 1.2 Hz,J,5= 8.4
Hz, 1H, 2-H), 5.5 (dJr > = 3.4 Hz, 1H, 1-H), 5.3 (m, 1H,
7-H), 5.1 (d,dy> = 3.1 Hz, 1H, 1'-H), 4.5 (q,Js ¢ = 6.4
Hz, Hz, 1H, 3-H), 4.1 (m, 1H, 3-H), 4.12 (s, 1H, 10-H),
4.02 (q,J5.6 = 6.5 Hz, 1H, 5-H), 3.77 (s, 1H, 4H), 3.70
(s, 3H, 15-H), 3.65 (s, 1H, 4-H), 2.52 (dd,J;s = 4.3 Hz,
Jsa, sb= 15.0 Hz, 1H, 8-H), 2.36 (d,Jsasn= 15.0 Hz, 1H,
8-Hp), 2.21 [s, 6H, N(CH),], 2.13 (m, 1H, 3H), 2.08 (m,
1H, 2'-Hy), 1.83 (m, 1H, 2H,), 1.84 (dd,J;> = 3.8 Hz,
Joa2p = 12.5 Hz, 1H, 2Hy), 1.83 (m, 1H, Z-Hy), 1.75 (dt,
J13,14= 7.4 HZ,Jlga,lgbz 14.0 HZ, 1H, 13-'59, 1.53 (dt,\]13'14
= 7.3 Hz, J13a.13p= 14.0 Hz, 1H, 13-H), 1.29 (d,Js ¢ =
6.6 Hz, 3H, 6-H3), 1.22 (d,Js ¢ = 6.5 Hz, 3H, 6-H3), 1.09
(t, \];|_3,14= 7.3 HZ, 3H, 14-H)

To determine the AknK activity for the second glycosy-
lation reaction, 2561000 uM dTDP--2-deoxyfucosel4
was mixed with 100uM 2-deoxyfucosyl rhodosaminyl
aklavinonel6in 25 uL of reaction buffer [75 mM Tris (pH
7.5), 12 mM MgC}, 1 mg/mL BSA, and 20% (v/v) DMSO].
The reaction was initiated by adding &M AknK, and the
mixture was kept at 25C for 10—40 min before the reaction
was quenched with 126L of methanol. The supernatant
from the reaction was analyzed by reversed phase HPLC
{66:34 MeOH/HO [50 mM NH,OAc (pH 7.0)], 1 mL/mir.

The molecular weight of the product was confirmed by
MALDI-TOF. The peaks for the produdt9 (tr = 23.4 min)

and the remainind.6 (tx = 21 min) were integrated, and
the product concentration was deduced from its percentage
of the total peak area.
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Ficure 2: AknK transfera.-2-deoxyfucose to rhodosaminyl aklavinah&to yield 2-deoxyfucosyl rhodosaminyl aklavinohé (A) SDS—
PAGE (12%) analysis of purified C-terminally tagged tisgged AknK (lane 2) along with molecular weight markers (lane 1). (B) Schematic
representation of the conversion1f to 16. (C) Detail of the overlaid TOCSY/ROESY spectrumld. ROESY cross-peaks marked with
an asterisk establish the connectivities betweeH bf rhodosamine and 7-H of the aklavinone aglycone dhtHIof 2-deoxyfucose and
4'-H of rhodosamine. (D) Formation df6 over 3 min monitored by RP-HPLC.

RESULTS pathways, so the syntheses of dTDElaunosamind0 and
dTDP-+-2-deoxyfucosel4 were undertaken.

dTDP+-daunosamind 0 was synthesized according to a
method first described by Hindsgal) and adapted for

that are strongly homologous to other Gtfs, suctDass  (h€ Synthesis of UDR-epivancosamine2s). As shown in

(5). However, the functions of either of these Gtfs have not SCeme 1,L-Qaunosa:nine hydrochloride (19, 20) W?s
been defined. In this paper, we focus on the elucidation of Converted to its acetylate-Cbz derivatives and coupled
AknK function. TheAknK coding sequence was subcloned to d'_I'DP tetrabutylammonium salt via the anomeric iodide
into a pET-22b expression vector and expressed recombi-10. 9ive t0 the protected dTDB-daunosaminé as a 1:1
nantly in E. coli as a C-terminal Histagged protein. The =~ Mixture ofa- andf-anomers. Careful separation by reversed
protein was overproduced well and was soluble. The Aknk Phase HPLC led tola rfm)r(]ture enriched in fhranomer o9 .
protein behaved well in nickel affinity chromatography, (1-2 @/f). Removal of the protecting groups and carefu
leading to a purity of greater than 95% based on SDAGE separation by HPLC then led to a pure sample of the desired

(Figure 2A), and the overall yield was 30 mg/L of culture. p-isomer of10.
The protein appeared to be a 65 kDa protein based on its For the synthesis of dTDP-2-deoxyfucoséd 4, a different
mobility on SDS-PAGE; however, the mass of AknK approach was used. Diacetyfucal 11 (22, 23) was
measured by MALDI ([M+ H]* = 50 699) agreed well with ~ converted to the 2-deoxyfucosyl chloride and coupled with
the calculated mass ([M- H]* = 50 685), and the identity  tetrabutylammonium dihydrogen phosphate to give the
of the protein was confirmed by N-terminal sequencing (data corresponding phosphat@ with high g-selectivity (1:9a/8).
not shown). Purification by reversed phase HPLC led to the pure
Preparation of dTDP-Daunosaminel0 and dTDP:-2- B-anomer ofL2, which was coupled with TMP morpholidate
Deoxyfucosd4. To assay AknK for its Gtf activity requires {0 give TDP derivativel3. Deacetylation then afforded the
the availability of the proposed nucleoside diphosphohexoseréquired dTDRs-L-2-deoxyfucosel4. The details of our
donors. In monosaccharylanthracyclines such as daunomycinstudies directed toward the stereoselective synthegis2sf
the sugar is the 2,3,6-trideoxy-3-amindexose, daun-  deoxyglycosyl phosphates, including application of this
osamine {). N,N-Dimethylation of daunosamine yields _methodology to various 2-deoxy substrates, will be reported
L-rhodosamine, the proximal hexose in aclacinomycin A. The in due courseZ).
middle sugar in the aclacinomycin A trisaccharyl chain is  AknK Transfers.-2-Deoxyfucose to Rhodosaminyl Ak-
the 2,6-dideoxy—-hexose, 2-deoxyfucosé&)( Most Strep- lavinone.To test the activity of AknK, the purified recom-
tomycesspecies use dTDP-sugars in antibiotic biosynthetic binant enzyme was incubated with potential substrates. This

Expression and Purification of AknlAnalysis of the gene
cluster of the aclacinomycin A-producing str&ngalilaeus
ATCC 31615 reveals two Gtf genes, ©), AknSand AknK
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Scheme 1: Synthesis of dTDP Sudars
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a Reagents and conditions. (A) dTDRPdaunosamind0: (a) Cbz-succinimide, BN, MeOH; (b) AcO, DMAP, pyridine; (c) (i) TMS-I, CHCI,
—78 °C, (ii) TDP BwN salt, DIPEA, CHCI,, —45 °C — rt; (d) E&N, MeOH, HO; (e) H/Pd-C, MeOH. (B) dTDR-2-deoxyfucosel4: (f)
HCI(g), benzene; (g) BINH,PO,, DIPEA, CHCly; (h) TMP morpholidate, tetrazole, pyridine; (i) & MeOH, HO.

Table 1: Kinetic Parameters of AknK Using Authentic and
Alternate Substrates

K (uM)
monoglycosyl-
aglycone TDP-sugar keat (min~1)

rhodosaminyl aklavinon#5+ 109.1+ 5.2 148.9+ 10.1 65.4+ 1.2
TDP4.-2-deoxyfucosd 4
rhodosaminyl aklavinon&5+ 104.4+ 9.8
TDP--daunosamin&0
idarubicin4 +
TDP4.-2-deoxyfucosd 4

940+ 2.7 2.1+01

138.0+ 3.7 531.0+£44.2 5.4+0.1

included the aglycone aklavinone and dTDflaunosamine

10, which yielded no detectable product. To evaluate whether

AknK catalyzes the addition of the second saccharyl moiety,
L-2-deoxyfucose, AknK was incubated with dTDF2-
deoxyfucosd 4 and rhodosaminyl aklavinoris (Figure 2B).
The HPLC analysis of the reaction mixtures indicated the

appearance of a new peak (Figure 2D), and its mass detected o

by MALDI (M + H]t = 701.1) was in agreement with the
calculated mass of the 2-deoxyfucosyl rhodosaminyl aklavi-
none productlé (M + H]t = 700.7). Extensive NMR
analysis (TOCSY and ROESY) @b revealed the attachment
of 2-deoxyfucose to the 4-hydroxyl of the rhodosaminyl
moiety. The overlaid TOCSY/ROESY spectrumi$ (see

NH Daunosaminyl-
rhodosaminyl-aklavinone

15 17

Idarubicin 2-deoxyfucosyl-idarubicin
4 18
Ficure 3: AknK uses various dTDP-2-deoxysugars and anthra-
cycline monoglycoside to yield disaccharide-containing anthracy-
cline variants. (A) Schematic representation of the conversion of
rhodosaminyl aklavinond5 to daunosaminyl rhodosaminyl ak-

the detail in Figure 2C) shows ROESY cross-peaks, marked!avinone 17. (B) Schematic representation of the conversion of

with an asterisk, betweer-H of rhodosamine and 7-H of
the aklavinone aglycone and, most importantly:H. of
2-deoxyfucose and'4H of rhodosamine. These data and the
characteristic small coupling constanl; ¢ = 3.1 Hz)
obtained for the anomeric''dH proton of 2-deoxyfucose
unambiguously established the-(1—4)-linkage of the

idarubicin4 to 2-deoxyfucosylidarubicii8.

AknK Transfers Daunosamine to Rhodosaminyl Aikla
none. AknK was then tested for its ability to accept an
alternative activated sugar donor, dTDflaunosaminéo,

a 3-amino analogue of dTDP-2-deoxyfucosel4 (Figure
3A). Incubation of dTDR-daunosamine with authentic

disaccharide unit. Steady-state analysis of AknK resulted in rhodosaminy|anthracyc|ine acceptbb in the presence of

a kgt of 66.1 mim?, indicating that AknK is a reasonably
robust glycosyltransferase. Th&, values for dTDR--2-
deoxyfucosel4 and aglyconel5 were 149 and 10@M,
respectively (Table 1 and Figure S1 of the Supporting
Information). These results validate the fact that AknK is

AknK for 30 min led to the appearance of a new peak
detected by HPLC (Figure S2 of the Supporting Information).
The mass of the peak characterized by MALDI-TOF ({M
H]* = 700.3) was in agreement with the calculated mass of
expected producil7 (M + H]™ = 699.8). Steady-state

the Gtf that adds the second sugar in the aclacinomycin A analysis of AknK indicated that the enzyme catalyzes the

biosynthesis.

addition of daunosamine at the maximal velocity of 2.1 hin
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Ficure 4: AknK transfera.-2-deoxyfucose to 2-deoxyfucosyl rhodosaminyl aklavinb&egA) Schematic representation of the conversion
of 16 to the trisaccharyl anthracycline analogue, 2-deoxyfucosyl-2-deoxyfucosyl rhodosaminy! aklal@@Bg Formation of19 from 0
to 40 min monitored by RP-HPLC.

(Table 1), a 30-fold drop compared to the addition of natural lated aglycone acceptor results in a 4-fold increase in the
sugar donof 4. TheK, for rhodosaminyl aklavinon&5was sugar donorK.. Further elucidation of the full kinetic
104 uM, and theK, for dTDP-1-daunosamind.0 was 940 mechanism is required to address this question. In addition
uM, a 9-fold increase compared to that of the authentic sugar to idarubicin, AknK catalyzes the transferieR-deoxyfucose

donor. These results indicate that AknK acceptdaun- to two other widely used monoglycosylated anthracyclines,
osamine as an alternative sugar substrate, albeit with a 270-daunomycinl and adriamycir2 (data not shown). Moreover,
fold decrease in catalytic efficienci{/Km). the enzyme is capable of transferring daunosamine to

AknK Transfers-2-Deoxyfucose and-Daunosamine to  idarubicin4 (data not shown). The steady-state kinetic studies
Other Anthracycline MonoglycosidesknK was then tested  on AknK for these alternative acceptors andeoxyhexoses
for it ability to accept alternative monoglycosylaglycone remain to be carried out.
acceptors. The first monoglycosylanthracycline acceptor that AknK Catalyzes the Tandem TransferL&f-Deoxyfucose
was tested was idarubicih Idarubicin differs from aglycone  to Rhodosaminyl Aklanone.Aclacinomycin A3 contains
15 in both the side chains of the aglycone and the sugar a trisaccharide chain attached to the@H position of the
moiety (Figure 3B). Incubation of dTDP2-deoxyfucose  tetracyclic structure (Figure 1). However, only two Gtf genes,
14 and idarubicird in the presence of AknK resulted in the AknSand AknK, have been identified in the biosynthetic
formation of a new peak as determined by HPLC analysis. cluster fromS. galilaeus(3, 6), raising the possibility that
The molecular weight of the peak measured by MALDI- one of these Gtfs is capable of a tandem transfer. Since AknK
TOF (M + H]* = 628.1) was 130 mass units larger than transfers the second sugar to the monoglycosyl intermediate
that of idarubicin ([M + H]* = 498.2), validating the 15, we sought to evaluate whether AknK could transfer an
addition of L-2-deoxyfucosyl moiety to the idarubicin ac- additional deoxysugar to the disaccharide-containing anthra-
ceptor (Figure S3 of the Supporting Information) to give a cycline16 and complete the trisaccharide chain (Figure 4A).
disaccharylanthracycling8. The fact that idarubicid bears Attempts to prepare compour® by limited acid-catalyzed
a structural resemblance to natural aglycone substédad hydrolysis of commercially available aclacinomycin 3\
the observation that AknK indeed catalyzes the attachmentyielded only minute quantities. Insteatlé was prepared
of L-2-deoxyfucose to the 4-hydroxyl substituent D5 enzymatically by large-scale incubation of rhodosaminyl
suggest that a similar transformation would take place on aklavinonel5and dTDPt-2-deoxyfucosd 4 in the presence
idarubicin. Steady-state analysis showed that AknK catalyzesof AknK and was purified using reversed phase HPLC. The
the addition of 2-deoxyfucose to idarubicin at the maximal purified product was used to test a possible tandem glyco-
rate of 5.6 min' (Table 1). TheK,, values for idarubicirnt sylation reaction with AknK.
and dTDPe-2-deoxyfucosd 0 are 137 and 562M, respec- Incubation of the disaccharide-containing anthracycli6e
tively. It is unclear why the alteration of the monoglycosy- and dTDPe-2-deoxyfucosd4in the presence of AknK gave
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a new peak as determined by HPLC analysis (Figure 4B). sponding aglycones. Since the chemical synthesis of NDP-
The molecular weight of the new compound (fMH]* = deoxysugars with the correct stereochemistry at @}hés
830.2) agreed with the mass of expected trisaccharide-been demanding, the difficulty in obtaining particular NDP-
containing compound9 (M + H]™ = 830.9). Compound  deoxyb- or -L.-hexoses has been the major obstacle in the
19 has been isolated fror8. galilaeusmutant strain HO75  study of glycosyltransferasés vitro.
containing a nonsense mutation in #thknPgene encoding In the biosynthesis of monosaccharide-containing anthra-
dTDP-hexose 3-dehydratas@6( 27). We analyzed the cyclines, such as daunomycih and adriamycin2, the
compound isolated from HO75, a gift from S. Torkkell and glycosyltransferase DnrS transfers a single deoxysugar
colleagues, by HPLC and found that it has a retention time moiety, L-daunosamine, to the aglycone scaffol). (In
identical to that of the compound generated frbdrand16 contrast, aclacinomycin & has a trisacchride chain attached
by AknK (data not shown), confirming that AknK was to the aglycone, and only two Gtf genésknSand AknK
capable of appending-2-deoxyfucose to disaccharide- have been revealed from its producing stré@n6). Prior to
containing compound6 to generate trisacchride anthracy- this study, the functions of the two genes were yet to be
cline 19. Because of the limited quantities b6, the steady- defined. Other trisaccharide-containing anthracyclines display
state kinetic analysis of the second transfer reaction by AknK variations in the trisaccharide identity. Ciclamycin O uses
has not yet been accomplished. However, using 40D L-2-deoxyfucose as the proximal sugar, and ciclamycin 4
disaccharide-containing compoufhfl and 100QuM dTDP- uses -2-deoxyfucose and-rhodinose as the first two sugars
L-2-deoxyfucoseld, AknK catalyzes the transfer of the (42). On the other hand, trisaccharyl anthracyclines with
second sugar at a rate of 0.04 minthe activity is not altered glycosylation patterns accumulate in several aclaci-
saturated in the concentration range of dTDRP-deoxyfu- nomycin A nonproducing mutant straindgj. These obser-
cosel4that was used. The second transfer reaction catalyzedvations suggest that anthracycline Gtfs may have broad
by AknK was thus~3 orders of magnitude slower than the substrate specificity.
first sugar transfer reaction catalyzed by AknK. Evaluating  The objective of this study has been to understand the role
the comparative rates of the first and second transfers withof AknK and to test its tolerance toward other substrates.
optimal dTDPt-deoxyhexose substrates requires preparation The biochemical characterization of AknK required the
of dTDP4.-rhodinose and dTDRP-cinerulose. purified enzyme, the monoglycosylaglycone acceptors, and
NDP-.-deoxysugars. The combination of a low concentration
DISCUSSION of IPTG induction (30Q:M) and low-temperature induction
Sugar maodifications of many antibiotics play essential roles (15 °C) allowed us to express a C-terminally kitagged
in maintaining the biological activities of these compounds AknK in E. colias a soluble protein. The AknK protein was
(28—31). In addition to the anthracyclines described in this readily purified in good yield to homogeneity using nickel
study, glycopeptide antibiotics (vancomycin, chloroeremo- chelating chromatography. The authentic monoglycosylag-
mycin, and teicoplanin) 32), aminocoumarin-containing lycone acceptor was acquired by limited acid-catalyzed
antibiotics (novobiocin, chlorobiocin, and coumermycin A1) hydrolysis of commercially available aclacinomycin A,
(33), and macrolide antibiotics (erythromycin, pikromycin, whereas other monoglycosylated acceptors used in this study
and tylosin) 84, 35) require sugar moieties for their full were from commercial sources. Although it is possible to
biological activities. The crystal structures of the large produce dTDR-deoxysugars in minute quantities by enzy-
ribosomal subunit complexed with macrolide antibiotics matic reconstitution of their biosynthesis pathwdg)( we
show that the saccharide moieties extend toward the peptidylchose to prepare dTDR2-deoxyfucosel4 and dTDPE-
transferase center and block the egress of nascent polypeptiddaunosamind.0 by chemical synthesis.
chain @4, 35). The cocrystal structures of novobiocin and  AknK displays robust activity with the presumed authentic
chlorobiocin with the ATPase domain of DNA gyrase B substrates|-rhodosaminyl aklavinond5 and dTDPt-2-
revealed that noviose is indispensable in the formation of deoxyfucosel4, yielding the expected produat;2-deoxy-
high-affinity interactions between antibiotics and their targets fucosyl rhodosaminyl aklavinon&6. This is the first piece
(33). The glycosyl tailoring by dedicated glycosyltransferases of biochemical evidence validating the fact that AknK is the
occurs after the aglycones have been assembled by polyketidsecond Gtf in the pathway (and therefore suggesting that
synthases or nonribosomal peptide synthetases. AknS will transfer the first sugar to the aklavinone). The
Although glycosylation is greatly important in maintaining robust activity of AknK also allowed us to study the tolerance
the bioactivity of numerous natural products, only a few have of AknK toward both dTDR--deoxysugar donors and
been studied biochemically, including glycopeptide Gtfs monoglycosylaglycone acceptors. In the deoxysugar donor
(GtfA—E) (36—39), the novobiocin glycosyltransferase category, AknK can utilize dTDR-daunosamind0 as an
NovM (40), and an oleandomycin Gtf (OleD®¥)). The alternative sugar donor to generate the disaccharylanthracy-
difficulty in obtaining highly purified active Gtfs, aglycones, cline. The substitution of the’®H group in the 2-deoxy-
and NDP-deoxysugars has prevented biochemical studies orfucosyl moiety with the 3NH, group resulted in a 30-fold
the natural product Gtfs. As a first limitation, only a small decrease in the transfleg:. In the future, we will investigate
number of antibiotic Gtfs have been successfully expressedwhat other variations at{and G of the L-sugar ring can
from heterologous systems in a soluble and active form for be tolerated by the enzyme. On the other hand, we found
specificity and mechanistic studies. The aglycone substratesAknK was capable of transferring2-deoxyfucose and/or
can be isolated from blocked mutant strains or obtained by L-daunosamine to several commercially available monogly-
partial degradation of mature glycosides as reported here.cosylanthracycline acceptors, including daunomylgiadria-
Although some Gtfs utilize UDP- or dTDP-glucose as a mycin 2, and idarubicird, with reduced catalytic efficiencies.
cosubstrate, most Gtfs transfer deoxysugars to the corre-Perhaps not surprisingly, AknK failed to catalyze the addition
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of L-2-deoxyfucose to epirubicin, d-épihydroxy analogue  anthracyclines, and some of the them contain rhodinose at
of adriamycin2, suggesting the enzyme requires acceptor the second position of the sugar moieb). The prospect
substrates with an axially oriented hydroxyl at the site of of tandem glycosylations by AknK adds another degree of
nucleophilic attack. Utilization of either the alternative diversity for the chemoenzymatic synthesis of anthracycline
acceptor or donor did not affect tig, for the monoglycosyl derivatives. With the formation af9, we have reproduced
acceptors but greatly increased tKg, for dTDP-sugar in vitro the deoxyfucosyl deoxyfucosyl rhodosaminyl ak-
donors. Subsequent studies will be directed toward the kineticlavinone produced bg. galilaeusmutant HO75 26, 27).
and chemical mechanism of AknK. This Gtf belongs to the  There are still several problems to solve to allow chemoen-
GT-B enzyme superfamilydd—46), only two members of  zymatic synthesis of glycosylated anthracycline derivatives.
which, MurG and OleD, have been studied mechanistically The first is to obtain at least one anthracycline Gtf that adds
(41, 47). Both enzymes follow a compulsory ordered bi-bi the first sugar to the aglycone. DnrS) @nd AknS 6) seem
mechanism, where the nucleotide-sugar donor binds first toto be good candidates. We purified AknS En coli as a
MurG while the macrolide acceptor binds first to OleD. Hiss-tagged protein in a soluble form; however, it was not
The most unexpected finding from this study is the ability active when incubated with aklavinone and dTD#Eaun-
of AknK to catalyze tandem additions of2-deoxyfucose  osaminel0, and further studies will depend on the avail-
to the rhodosaminyl aklavinorib, even though the second  ability of dTDP-+-rhodosamine. All our efforts with DnrS
transfer is much slower than the first. This observation may expression irE. coli have to date yielded insoluble proteins
explain why only two Gtfs, AknS and AknK, are found in and may require other heterologous hosts. On the other hand,
the biosynthetic cluster while there are three steps requiredthe efficiency of AknK using an alternative substrate still
to build the trisaccharide chain to the anthracycline aglycone. needs to be improved. With progress in these two aspects,
The slow rate of the second deoxyfucosyl transfer could as well as the availability of more dTDRdeoxysugars,
reflect the specificity for rhodinose or cinerulose in that step anthracycline Gtfs may become powerful catalysts for the
and must await the preparation of those dTDB&eoxyhex- generation of anthracycline analogues and may speed the
oses. We note that cinerulose with a 4-keto group is a chain-discovery of new antitumor therapeutics.
terminating residue so it is unclear if AknK could accomplish
additional transfers beyond the second or, for that matter, CONCLUSIONS
how the monosaccharyl and the disaccharyl aklavinones can

be positioned in the AknK active site for elongation. syltransferase AknK as well as the preparation of its

Because of the clinical utility of anthracycline drugs for substrates, monoglycosylated aglycariand two dTDP-
several tumor types, substantial efforts have been made tol_-deoxyhe>’<oses (dTDP-2-deoxyfucosel4 and dTDPe-
search for new anthracycline compounds. Given that the daunosaminé&(). Our studies of AknK not only reveal that
L-deoxyhexose moiety is required for the antitumor efficacy AknK can catalyze the generation of a trisaccharide chain
of anthracyclinesX(8, 48), and mono- to trisaccharide chains by tandem addition af-2-deoxyfucose but also demonstrate
are found, modifications of the carbohydrate portion are of that AknK accepts other monoglycosyl anthracyclines and
interest. These compounds have been generated by feedmgTDPi-deoxysugar donors. These studies indicate that
experiments or by multistep organic synthedid, (15, 49, :

; . . anthracycline Gtfs can be a useful tool for generating novel
50), and each approach has its constraints. In feeding Y g g

: o li .
experiments, the kind of sugar to be appended is limited by anthracycline compounds
the identity and pool of dTDP-deoxysugars produced by the AckNOWLEDGMENT
biosynthetic enzymes inside microbial cells, even with gene

We report here the purification of anthracycline glyco-

swapping protocols4@). In contrast, it is relatively easy to We thank Dr. Sirke Torkkell at Galilaeus Oy for providing
append one sugar to aglycones using organic synthesis, butis the plasmid containing the AknK gene and an authentic
much more difficult to build oligosaccharide chains wit@- sample of19. We thank Dr. Caren Freel Meyers for the
deoxysugars1). critical reading of the manuscript. We thank Dr. [stva

With recent progress in the biochemical characterization Pelczer for his assistance in acquiring and interpreting the
of antibiotic Gtfs, chemoenzymatic approaches become TOSCY/ROESY spectrum, which was used for assignment

attractive for the rapid generation of antibiotic derivatives. Of compound16.

We have previously reported the chemoenzymatic generation

of several novel glycopeptide antibiotics by vancomycin Gtfs, SUPPORTING INFORMATION AVAILABLE
GtfD and GtfE 86, 37). The characterization of AknK in Additional experimental methods, determination of kinetic
this study also indicates this enzyme can be useful for the parameters of AknK using its natural substrates (Figure S1),
chemoenzymatic generation of anthracycline analogues withyransfer ofL-daunosamine to rhodosaminyl alkavinob®
deoxyfucose and-daunosamine to several monoglycosylated an alternative acceptor (Figure S3), idarubidirby AknK.

anthracyclines, tolerating changes made on the aglycone siderhjs material is available free of charge via the Internet at
chains as well as the first sugar attached to the tetracyclicnttp://pubs.acs.org.
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