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Many bioactive metabolites possess unusual carbohydrates
required for molecular recognitionThe glycosyltransferases
which incorporate these essential ligands are known to rely almost
exclusively upon UDP- and TDP-nucleotide sugars and some have
demonstrated promiscuity toward the sugar déndhese dis-
coveries have led to the exploitation of the carbohydrate biosyn-
thetic machinery to manipulate metabolite glycosylafiasyi-
talizing interest in methods to expand the repertoire of available
UDP- and TDP-sugar nucleotid&gVe now report that a substrate
specificity reevaluation oBalmonella enterica T2 a-b-glucopy-
ranosyl phosphate thymidylyltransferasg)(eveals this enzyme
can convert a wide array of-p-hexopyranosyl phosphates to their
corresponding UDPand TDP-nucleotide sugars. Thus, we present
a general chemoenzymatic method to rapidly generate these
reagents, the significance of which is in providing a substrate set
for developing in vitro glycosylation systerfs.

The selected enzyme for this study is a member of the prevalent
nucleotidylyltransferase family responsible for the reversible
conversion ofx-D-glucopyranosyl phosphate (Scheme 2)aand
NTP (e.g.1) to the corresponding NDP-sugar nucleoti@pdnd
pyrophosphated)). Of the many nucleotidylyltransferases studied,
the 3-forming thymidylyltransferases have received the least
attention® The best characterized thymidylyltransferase) (&
from Salmonellain which substrate specificity studies were
limited to only a few available hexopyranosyl phosph&tego
extend these studies, we overexpressediitid-encoded Ein
E. coli to provide the desired Jas >5% of the total soluble
protein? The corresponding Bvas purified to near homogeniety
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Scheme 1.(a) The Reaction Catalyzed by, Bnd (b) the
Syntheses of-D-Hexopyranosyl Phosphates
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a(a) PhP, CCl; (b) AcO, pyr; (c) (i) LiAIH4, (i) AcCOH/HCI, (iii)
BzCl, pyr; (d) BzCl, pyr; (e) pFPTC-CI, DMAP; ()ntBu)sSnH; () (i)
NaH, imidazole; (i) Cg; (i) CHsl; (h) AIBN, (n-Bu)sSnH; (i) (i)
CRCO.H, (ii) BzCl, pyr; (j) EtS-TMS, Znb; (k) (i) NaOMe; (ii) NaH,
BnBr; (I) (BnOLP(O)OH, CESGsH, NIS; (m) Hy, Pd/C; (n) (i) HBr; (ii)
(BnO)P(O)OH, silver triflate, 2,4,6-collidine; (0) NaOH; (p) AcCOH/HCI.
In each case, cation exchange provided thé Bit.

with a specific activity of 110 U mg, a 2-fold improvement
over the previously reported valugs

Most of the a-b-hexopyranosyl phosphates examined were
synthesized from free sugars whik 56, and 57 were com-
mercially available. For most synthetically derived glycosyl
phosphates (Scheme 1b), a general phosphorylation strategy from
the appropriately protected precursor relied upon (i) anomeric
activation via the ethyl-thig-p-pyranoside 9, 17, 25, 30, 35,
and4(), (ii) deprotection/reprotectionl(, 18, 26, 31, and36),
(i) phosphorylation 11, 19, 27, 32, 37, and 41), and (iv)
complete deprotectiornlp, 20, 28, 33, 38, and43). The overall
yield of this four-step phosphorylation strategy ranged from 19
to 28% including the final ion exchange. Alternatively, phospho-
rylation (45, 49, and 53) via the glycosyl halide followed by

(8) An (NH,),SO, precipitate ofE. coli-prfbA-C crude extracts was dialyzed
against buffer B (20 mM TritdCI, 1 mM EDTA, pH 7.5). The dialysate was
resolved by anion exchange (DE52x3L5 cm, 50 mL buffer B wash followed
by a linear gradient of £500 mM NacCl, 1.0 mL min') and the E fractions
combined, concentrated, and further resolved by FPLC gel filtration (S-200,
2 x 70 cm, 50 mM TrisHCI, 200 mM NacCl, pH 7.5). The purified Bvas
stored in aliquots{80 °C) until used.
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Table 1. E,-Catalyzed Conversion of Substrates
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a Percent conversior [Ad/(Ae + A7)] x 100, wheredp = the NDP-
sugar product peak integration ams represents the NTP peak
integration. HRMS for all observed products reported in the Supporting
Information.® Standard retention times: TDP, 4.5 min; TTP, 7.2 min;
UDP, 4.0 min; UTP, 6.1 min Commercially availabled Coelutes with
commercially available standartiProduct hydrolysis observed3,
7.6% TDP and 10.2% UDP)Adjusted for the 2:1u/3-28. 9 In contrast
to previously published studies (ref 68No products observed.

complete deprotection gave the glycosyl phosphd#®$1, and
55 in an overall yield ranging from 37 to 47%. Our 6-deoxy
precursor 8) was synthesized by LiAlldreduction and subsequent
benzoylation of the previously described halidé® For the
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dards and/or HPLC isolation and high-resolution mass spectro-
scopy of the product! As controls, no product formation was
observed in the absence of,Elycosyl phosphate, Mg, or
NTP 1516

The fundamental goal of this work is to assess the utility of E
as a catalyst/reagent to simplify the synthesis of useful nucleotide
sugars. Table 1 clearly illustrateg Ean accomplish this task in
that of the twelve glycosyl phosphates tested (which include all
possiblea-b-hexoses and monodeoxyb-glucoses), eight with
TTP and six with UTP provide appreciable product under the
conditions describel. An examination of accepted-p-hexopy-
ranosyl phosphates with TTP suggests (efers pyranosyl
phosphates which are predicted to exist predominatel§Cas
conformers 8, 12, 20, 28, 43, 56, and57), while those predicted
to not adopt théC; conformation show little or no activity3(,

38, 47, 51, and 55).18 Regarding specific interactions required
for conversion, analysis of the corresponding deoxy sefigs (
20, 28, and43) implicates only a single critical hydroxyl (C-2),
the removal of which impairs the yield by70%. A similar trend

is observed in the UTP series with two obvious exceptions,
glycosides28 and 56. Cumulatively, these results may suggest
that, while the C-2 hydroxyl is universally critical for turnover,
alterations at C-3 in the context of UTP result in adverse
cooperativity.

In conclusion, the presented work clearly demonstrates the
pliable nature of Eand its potential for the synthesis of desired
nucleotide sugars. Thus, these studies will broadly impact efforts
to understand and exploit the biosynthesis of glycosylated
bioactive natural product§.Moreover, this work suggests,E
specificity may be governed by conformation rather than specific
hydrogen bonds. Efforts are in progress to expand the scope of
this methodology.
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4-deoxy progenitor, deoxygenation at C-4 was accomplished by  Supporting Information Available: Experimentals, Fpurification,

selective benzoylation of methyl-p-galactopyranosidel@) to
provide the desired tribenzoylatédd (54%) as well as the tetra-
benzoylated derivative (19%) as previously descride8ubse-
guent C-4 activation1(5) and g-Bu);SnH reductive 4-deoxygen-

ation were accomplished as previously described to give the

desired 4-deoxy precursb.*? The 3-deoxy predecessa4 was
synthesized from 1,2:5,6-@-isopropylidenes-p-glucofuranose
(22) by reduction of the previously reported furan@z* while
the 2-deoxy precurs@9 derived from a commercial source.
To evaluate the synthetic utility of the purified thymidylyl-
transferase, [ o-D-hexopyranosyl phosphate, Kfg and NTP
were incubated at 37C for 30 min and the extent of product

and characterization data f6r-55 and nucleotide sugar products (PDF).
This material is available free of charge via the Internet at http://pubs.acs.org.
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