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Abstract

We report the ability of simple glycoside donors to drastically shift the equilibria of
glycosyltransferase-catalyzed reactions, transforming NDP-sugar formation from an endo- to an
exothermic process. To demonstrate the utility of this thermodynamic adaptability, we highlight
the glycosyltransferase-catalyzed synthesis of 22 sugar nucleotides from simple aromatic sugar
donors as well as the corresponding in situ formation of sugar nucleotides as a driving force in
context of glycosyltransferase-catalyzed reactions for small molecule glycodiversification. These
simple aromatic donors also enabled the first general colorimetric assay for glycosyltransfer,
applicable to drug discovery, protein engineering, and other fundamental sugar nucleotide-
dependent investigations. This study directly challenges the general notion that NDP-sugars are
‘high-energy’ sugar donors when taken out of their traditional biological context.

Glycosyltransferases (GTs) constitute a predominant enzyme superfamily responsible for the
attachment of carbohydrate moieties to a wide array of acceptors that include nucleic acids,
polysaccharides, proteins, lipids, carbohydrates and medicinally relevant secondary
metabolites (1 2). The majority of GTs are LeLoir (sugar nucleotide-dependent) enzymes
and utilize nucleoside diphosphate sugars (NDP-sugars) as donors for glycosidic bond
formation (Fig. 1a). Recent studies have revealed certain GT-catalyzed reactions from
bacterial secondary metabolism to be reversible, presenting new GT-catalyzed methods for
NDP-sugar synthesis as well as the GT-catalyzed exchange (Fig. 1b) or transfer (Fig. 1c) of
sugars attached to both simple glycoside sugar donors(3 4) and complex natural product
glycosides including glycopeptides, enediynes®), macrolides®), macrolactams(",
(iso)flavonoids® and polyenes(®. Of the few examples which employed “activated’ sugar
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donors (e.g., glycosyl halides or aromatic glycosides) for GT-catalyzed

transglycosylation(® 4, only indirect evidence for the intermediacy of sugar nucleotides was
provided. Among GT-catalyzed ‘reverse’ reactions where NDP-sugar formation has been
confirmed, NDP-sugar formation was thermodynamically disfavored (i.e., with NDP-sugar
as product, Keq < 1)®10. 1) and typically required a 10- to 100-fold excess of NDP for
sugar nucleotide production. In an effort to address the severe thermodynamic limitations of
GT-catalyzed reactions run in reverse, herein we report the use of specific activated
aromatic glycosides as donors in such reactions dramatically alters the equilibrium of GT-
catalyzed reactions and thereby enables a variety of novel transformations (Fig. 1d)
including: i) an unique platform for the efficient enzymatic syntheses of novel NDP-sugars,
ii) a coupled GT-catalyzed platform for the differential glycosylation of small molecules
(including natural products and synthetic drugs/targets), and iii) a colorimetric readout upon
glycosyltransfer amenable to high throughput formats for glycodiversification and
glycoengineering which can be coupled to nearly any downstream sugar nucleotide-utilizing
enzyme.

Screening of B-D-glucoside donors

The availability of a GT capable of utilizing a wide array of both simple aromatic acceptors
and sugar nucleotides set the stage for this systematic study. With the aid of a crystal
structure(?), previous directed evolution and engineering of an inverting macrolide-
inactivating GT (OleD) from S antibioticus identified several highly permissive variants for
both sugar nucleotides (14 known sugar substrates) and acceptors (>70 structurally diverse
known substrates) in the context of the forward reaction®3-18). Utilizing the aglycons
recognized in forward reactions as a template, a set of 32 putative p-D-glucopyranosides
donors (1-32, Supplementary Results, Supplementary Fig. 2) were synthesized
(Supplementary Methods) and tested against a series of OleD variants in reverse reactions
for production of UDP-a-D-glucose (UDP-Glc, 33a) in the presence of UDP (Fig. 2a). The
syntheses of these putative donors required 1-3 steps (37% average overall yield) and, in all
but one case (19), provided the desired B-anomer exclusively. Of the 32 putative donors
evaluated, 9 (1-9) led to UDP-Glc (33a) formation with all variants examined (Fig. 2b).
This systematic analysis revealed a clear correlation between the leaving group ability of the
sugar donor and the production of desired sugar nucleotide wherein the combination of
OleD variant TDP-16 (containing the mutations P67T/S132F/A242L/Q268V)17) and 2-
chloro-4-nitrophenyl 3-D-glucopyranoside (9) provided the best overall yields of UDP-Glc
(33a) or TDP-Glc (33b) (Fig. 2c). Using this preferred donor, maximal turnover was
observed at pH 7.0-8.5 (Supplementary Fig. 3), a range consistent with the previously
reported pH-rate profile for the wild-type OleD in the forward direction(10). NDP-sugar
formation was also observed in the presence of ADP and GDP, albeit with much lower
efficiency than with UDP or TDP (Supplementary Fig. 4 and 5). Thus, four of the five
standard nucleotide moieties utilized by all LeLoir GTs (including not only natural product
GTs but also those which catalyze the formation of glycoproteins(19-21),
oligosaccharides(@1-25), glycolipids(2®), glycoconjugates®), etc.) are accessible via this
method. To demonstrate preparative scale and provide material for full characterization, this
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reaction was conducted with a 1:1 molar ratio of glucoside donor to NDP using 9 mg of
UDP or TDP to provide 6.9 (55% isolated yield) and 7.7 mg (61% isolated yield), of UDP-
Glc (33a) and TDP-Glc (33b) (Supplementary Methods and Supplementary Results). While
the few previously reported GT-catalyzed transglycosylation reactions using *‘activated’
sugar donors (e.g., glycosyl halides or aromatic glycosides) required NDP or NMP for
transglycosylation(® 4), the present study is the first to establish a robust GT-based platform
for the syntheses of NDP-sugars, including an array of uniquely-functionalized non-
metabolic sugar nucleotides. Under saturating donor 9, kinetic analysis (Supplementary
Methods) revealed the kq4/Ky of TDP-16 to be improved by a factor of 25 or 315 (varied
UDP or TDP, respectively) compared to wild-type OleD (Supplementary Table 1),
consistent with this mutant’s enhanced proficiency toward TDP-sugars!”). Equilibrium
constants (Keg pHg.5) Were also determined for 1, 2, 4, 7, and 9 and utilized to calculate the
corresponding Gibbs free energy according to equation (1) (Supplementary Methods,
Supplementary Fig. 8 and Supplementary Table 2).

AGOPHS.SZ - R‘Tln(Keq‘pHg.‘ﬁ) (1)

In agreement with the typically observed thermodynamics for these reactions(®: 10: 11), the
4-, 1-, or 2- (AG°pHg.5 = +2.55, +2.44, and +0.92 kcal mol~1, respectively) UDP-Glc
transformations were endothermic. In stark contrast, 7- or 9- (AG°pg s = -0.52 and -2.78
kcal mol~1, respectively) UDP-Glc transformations were notably exothermic (Fig. 2d) and
thereby correspond to a dramatic shift of GT-catalyzed reaction Keq which markedly favors
NDP-sugar formation.

Screening of 2-chloro-4-nitrophenyl glycoside donors

To further assess the utility of this reaction toward novel sugar nucleotide synthesis, 15
additional 2-chloro-4-nitrophenyl glycosides (34-47) were synthesized (Supplementary
Methods) and evaluated for production of the corresponding sugar nucleotides in presence
of UDP and TDP (Fig. 3a—b). This set of putative donors represents a series of uniquely
functionalized gluco-configured sugars as well as corresponding epimers (C2, C3, C4),
deoxy (C2, C3, C4 and C6) analogues and even L-sugars. The syntheses of these putative
donors required 2—7 steps (35% average overall yield) and, in all cases, exclusively provided
the desired anomeric stereochemistry (Supplementary Methods). Of the 15 glycoside donors
evaluated (9, 34-47) with TDP-16, 11 (9, 34-42, 44) resulted in the formation of the desired
sugar nucleotide with both UDP and TDP (Fig. 3c). With a 1:1 molar ratio of (U/T)DP to
glycoside donor in these 11 reactions, an average conversion of 66% was observed, once
again highlighting the thermodynamic driving force provided by the aromatic sugar donor.
For a small subset of donors (40, 41, 44), a shift of the ratio to 1:10 of UDP to glycoside
donor drastically increased yields of UDP-sugars (54a, 55a, 57a) to >85%, while yields of
TDP-sugars (54b, 55b, 57b) remained low (<25%) (Fig. 3c). Distinct from the prior
observation of extensive donor hydrolysis when attempting to use reactive p-nitrophenol
glycoside donors for GT-catalyzed transglycosylation reactions(®, the current study revealed
little or no background donor hydrolysis. Also in notable contrast to the prior use of GT-
catalyzed reactions for the synthesis of single sugar nucleotides (wherein a molar ratio of up

Nat Chem Biol. Author manuscript; available in PMC 2012 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gantt et al.

Page 4

to 1:100 sugar donor to NDP was required and, in all cases, <50% desired sugar nucleotide
product was observed)®-7.9.11)  this study reveals a truly useful synthetic transformation
(wherein a 1:1 molar ratio of sugar donor to UDP provides >70% yield desired sugar
nucleotide product for 8 out of 11 examples examined). This study revealed TDP-16 to
tolerate deoxygenation at C2, C3, C4 or C6; C3 epimerization (as related to D-GIc); and an
array of novel functionality at C6. While the C2 and C4 epimers did not turnover in this
pilot study, the production of 2-chloro-4-nitrophenolate in this reaction offers a convenient
high throughput screen as a basis for rapidly expanding the sugar scope of this reaction (as
subsequently discussed). In the context of sugar nucleotide synthesis, this GT-catalyzed
method offers a noteworthy alternative to both conventional chemoenzymatic approaches
(requiring 1 to 11 enzymes with typical overall yields from unprotected sugars ranging from
10% to 35%)(27-32) and multi-step chemical syntheses (requiring 3-11 total steps for
coupling sugar-1-phosphates and activated NMPs with typical overall yields from
peracetylated sugars ranging from 9-66%)(33.34). As a specific comparison, the previously
reported chemical synthesis of 48b (TDP-6-deoxy-6-fluoro-a-D-glucose) from peracetylated
6-fluoro-D-glucose required 4 chemical steps including 9% yield for the final morpholidate
coupling reaction, 33 while the present study reports 4 steps (3 chemical, 1 enzymatic) and
46% overall yield from the same starting material.

Single GT coupled reactions

The previously reported promiscuity of OleD variants in forward reactions(13-18), coupled
with the newly demonstrated ability to synthesize large numbers of NDP-sugars in situ,
raised the question of whether TDP-16 could enable a one-pot transglycosylation wherein
the sugar nucleotide formed from 9 (via the ‘reverse reaction’) could serve as a donor for a
subsequent glycoside-forming reaction (via a simultaneous ‘forward reaction’) (Fig. 4a).
Such single and double enzyme ‘aglycon exchange’ reactions have been previously reported
in the context of complex natural products®-"- % 11), but again, the Keq of such reactions has
restricted their general utility. To assess the potential of a single GT-catalyzed
transglycosylation, a series of model reactions, each containing the aglycon acceptor 4-
methylumbelliferone (58; 1 mM), one member of the 2-chloro-4-nitrophenyl glycoside
donor series (9, 34-42, 44; 1mM), UDP (1 mM) and OleD variant TDP-16 (11 pM),
revealed all 11 expected products (1, 59a-59j) with an average yield of 45%
(Supplementary Fig. 13-14 and Supplementary Table 4). For comparison, the yield of 1 in
the single GT coupled reaction was 62% (n=1), while the average yield of 1 via a standard
OleD catalyzed forward reaction (using 1 equivalent of UDP-Glc donor) was 60% + 3%
(n=3). Given the established ability of OleD variants to glycosylate a wide array of
structurally-diverse small molecules, drugs and natural products(23-18), the extension of this
OleD-catalyzed single pot transglycosylation (or ‘aglycon exchange’) reaction is anticipated
to offer a variety of opportunities for the glycodiversification of bioactive molecules
including a number of clinically-approved drugs and complex natural products.

Dual GT coupled reactions

To further probe the potential of in situ NDP-sugars from synthetic donors to ultimately
serve as donors for GTs other than OleD variants, a series of dual GT-catalyzed model
reactions were performed. For this set of model reactions, GtfE was selected because of its
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known NDP-sugar promiscuity(3>: 36) as well as the clinical potential of glycodiversified
vancomycin analogues®7”: 38). Typical reactions for this assessment contained a NDP-sugar
generating component consisting of a 2-chloro-4-nitrophenyl glycoside donor (9, 34-42 or
44; 1 mM), UDP (1 mM) and OleD variant TDP-16 (11 uM) coupled to a glycoside-forming
component with vancomycin aglycon (60; 0.1 mM) and the vancomycin aglycon
glucosyltransferase GtfE (11 uM). Remarkably, this series of dual GT-catalyzed
transglycosylation (or “aglycon exchange’) reactions also led to the formation of all 11
expected products (61a—61k) with an average yield of 36% (Fig. 4b, Supplementary Fig.
16-17 and Supplementary Table 5). As a comparison, the yield of 61a in the dual-GT
coupled reaction was 53% (n=1), while the average yield of 61a via a standard GtfE
catalyzed forward reaction (using 10 equivalents of native substrate UDP-GIc) was 53% =+
0.5% (n = 3). Thus, this convenient 2-chloro-4-nitrophenyl glycoside donor-driven coupled
format presents synthetically useful novel sugar nucleotides in situ without the need for the
tedious a priori sugar nucleotide synthesis and/or purification. Furthermore, the formation of
the colorimetric product 2-chloro-4-nitrophenolate (Amax = 398 nm; €419 = 2.4 x 104 M1
cm™1; pH 8.5) upon GT-catalyzed glycoside formation in these single or dual GT-catalyzed
coupled reactions also offers a unique opportunity for high throughput screening as
described below.

High throughput assay for glycosyltransfer

The 2-chloro-4-nitrophenolate released during the course of GT-catalyzed NDP-sugar
formation directly, or in the context of the coupled reactions formats presented, can be
followed spectrophotometrically at 410 nm in real-time (Fig. 5). The ability to do so
presents one of the first truly general continuous GT assays as the colorimetric read-out
directly correlates to NDP-sugar usage in such reactions and thereby avoids the need for
additional manipulations or specialized probes commonly associated with conventional
assays for glycosidic bond formation(3%-41). To demonstrate this approach, a set of 50 (62—
111) medicinally relevant compounds were screened with the single GT-catalyzed reaction
in a high throughput format. Specifically, each 100l reaction in the 96-well plate contained
the sugar donor 9 (0.5 mM), a putative aglycon acceptor (0.5 mM), a catalytic amount of
UDP (5 uM) and TDP-16 (11 pM) and reaction progress was monitored at 410 nm over 480
min (Fig. 5a—b and Supplementary Methods). Notably, the use of UDP as a limiting reagent
within this coupled system reduces the potential for the various types of inhibition
commonly observed in forward GT-catalyzed reactions with NDP and NDP analogues(®: 10),
Based upon this cumulative rapid analysis, 43 compounds (62-103) led to a positive
response (designated as three standard deviations above the mean for control reactions), 37
of which (62-93, 96, 97, 99, 101, 103) were subsequently confirmed by HPLC and/or
LC/MS to lead to products consistent with glucoside formation (Fig. 5¢, Supplementary Fig.
21, Supplementary Table 6). This study highlights a high throughput assay to identify novel
acceptors that can be glycosylated by a given GT and greatly expands upon the use of
simple “activated’ glycosides as sugar donors in coupled reactions. Additionally, the
demonstrated ability to couple this assay to essentially any downstream sugar-utilizing
enzyme/process is also anticipated to have a broad range of fundamental applications
including screens for GT inhibitors, GT engineering/evolution (toward utilization of novel
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NDPs, glycoside donors, and/or acceptors)(3%: 40. 42-44) and/or engineering/evolution/
investigations of additional NDP-sugar utilizing enzymes(19-26. 45, 46),

DISCUSSION

This study directly challenges the general notion that NDP-sugars are ‘high-energy’ sugar
donors when taken out of their traditional biological context, revealing the equilibria of GT-
catalyzed reactions to be highly substrate-dependent and adaptable. The flexibility of the GT
thermodynamic landscape, in turn, enabled general NDP-sugar syntheses, in situ formation
of NDP-sugars to drive coupled LeLoir GT-catalyzed reactions for glycoconjugate
formation, and the first general high throughput colorimetric assay for glycosyltransfer.
Given the power of the screen presented, these preliminary data suggest both the ability to
enable the rapid optimization (via directed evolution) of new OleD prodigy for nearly any
desired NDP/sugar pair as well as the ability to couple this screen to nearly any downstream
sugar-utilizing for engineering/evolution or biochemical analysis. While substrates
providing the greatest thermodynamic advantage may not always provide an equivalent
kinetic advantage, this study also highlights the merit of optimizing enzyme-catalyzed
reactions based upon thermodynamic constraints. We anticipate future attempts to exploit
and/or engineer other novel enzyme-catalyzed reactions may benefit from similar
considerations.

METHODS

Protein expression and purification

Expression and purification of all enzymes are described in Supplementary Methods.

Initial p-D-glucoside screening

Reactions containing 2.1 uM (10 ug) of purified OleD variant, 1 mM of UDP or TDP, and 1
mM of -D-glucopyranoside (1-32) in Tris-HCI (50 mM, pH 8.5) with a final volume of
100 pl were incubated at room temperature for 1 hour. Samples were frozen in a bath of dry
ice and acetone and stored at —20°C. Following, samples were thawed at 4°C and filtered
through a MultiScreen Filter Plate (Millipore, Billerica, MA, USA) according to
manufacturer’s instructions and evaluated for formation of UDP- (33a) or TDP-a-D-glucose
(33b) by analytical reverse-phase HPLC with a 250 mm x 4.6 mm Gemini-NX 5u C18
column (Phenomenex, Torrance, CA, USA) using a linear gradient of 0% to 15% CH3CN
(solvent B) over 15 minutes (solvent A = aqueous 50 mM triethylammonium acetate buffer
[Sigma-Aldrich, St. Louis, MO, USA], flow rate = 1 ml min~1, with detection monitored at
254 nm).

2-chloro-4-nitrophenyl glycoside screening

Reactions containing 7.0 uM (100 pg) of OleD variant TDP-16, 1 mM or 0.1 mM of (U/
T)DP, and 1 mM of glycoside member (9, 34—-47) in 50 mM Tris (pH 8.5) with a final
volume of 300 pl were incubated at room temperature. Aliquots were removed at various
time points, mixed with an equal volume of ddH,O, frozen in a bath of dry ice and acetone,
and stored at —20°C. Following, samples were thawed at 4°C and filtered through a
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MultiScreen Filter Plate (Millipore, Billerica, MA, USA) according to manufacturer’s
instructions. Samples were evaluated for formation of NDP-sugar by analytical reverse-
phase HPLC with a 250 mm x 4.6 mm Gemini-NX 5y C18 column (Phenomenex, Torrance,
CA, USA) using a linear gradient of 0% to 50% CH3CN (solvent B) over 25 minutes
(solvent A = 50 mM PO4~2, 5 mM tetrabutylammonium bisulfate, 2% acetonitrile [pH
adjusted to 6.0 with KOH]; flow rate = 1 ml min~; Ays4 nm). In the case of 51a and 50b
formation, percent conversion was calculated from peak height due to co-elution of NDP
and product. Time course data, chromatographs, and characterization of each NDP-sugar
product are described in Supplementary Methods and Supplementary Results. Screening of
the a-anomer of 38 yielded no turnover in any reactions (see Supplementary Methods for
synthesis and characterization), demonstrating that TDP-16 is only capable of recognizing
the B-anomers of D-sugars.

Evaluation of single enzyme coupled system

Reactions containing 10.5 uM (50 pg) of purified OleD variant TDP-16, 1 mM of UDP, 1
mM 4-methylumbelliferone (58) and 1 mM of 2-chloro-4-nitrophenyl glycoside (9, 34-42,
or 44) in Tris-HCI buffer (50 mM, pH 8.5) at a final volume of 100 pl were incubated in a
30°C water bath for 24 hours. Samples were subsequently mixed with an equal volume of
MeOH, centrifuged at 10,000 g for 30 min at 0°C, and the supernatant removed for analysis.
The clarified reaction mixtures were analyzed by analytical reverse-phase HPLC with a
Gemini-NX C-18 (5 um, 250 x 4.6 mm) column (Phenomenex, Torrance, California, USA)
with a gradient of 10% B to 75% B over 20 min, 75% B to 95% B over 1 min, 95% B for 5
min, 95% B to 10% B over 3 min, 10% B for 6 min (A = dH,0 with 0.1% TFA; B =
acetonitrile; flow rate = 1 mL min~1) and detection monitored at 254 nm. Fractions
corresponding to the desired products were collected, frozen, lyophilized, dissolved in 1:1
acetonitrile/water to a final concentration of 1 ug mL=2, and submitted for mass analysis.
Product structures, HPLC chromatograms, calculated conversions, and mass characterization
are presented in Supplementary Fig. 13-14 and Supplementary Table 4.

Evaluation of dual enzyme coupled system

All reactions were performed in a final volume of 100 pl Tris-HCI buffer (50 mM, pH 8.5)
with 10.8 pM (50 ug) purified GtfE, 1 mM vancomycin aglycon (60) and 1 mM of 2-
chloro-4-nitrophenyl glycoside (9, 34-42, or 44). Reactions with 35-38, 40-41, or 44 as
donor contained 10.5 uM (50 ug) OleD variant TDP-16 and 1 mM UDP. Reactions with 9,
34, or 39 as donor contained 1.1 uM (5 pg) OleD variant TDP-16 and 1 pM UDP. A reaction
with 42 as donor contained 0.1 pM (0.5 pg) OleD variant TDP-16 and 0.001 mM UDP. All
components of the reaction(s) were added at time equals zero hours. Reactions were then
incubated in a 30°C water bath for 24 hours. Samples were then prepared and analyzed as
described for the single enzyme coupled reactions (see above). Product structures, HPLC
chromatograms, calculated conversions, and mass characterization are presented in
Supplementary Fig. 16-17 and Supplementary Table 5.
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Evaluation of single enzyme coupled system for drug screening

Reactions containing 10.5 pM (50 pg) OleD variant TDP-16, 5 uM of UDP, 0.5 mM final
acceptor (58 [as a positive control] and 62-111; see Supplementary Fig. 18), and 0.5 mM 9
in Tris-HCI buffer (50 mM, pH 8.5) with a final volume of 100 pl were prepared in a 96 well
flat bottom Bacti plate (0.4 mL well~1; Nagle Nunc International, Rochester, NY, USA).
Absorbance measurements were recorded every 2 min at 410 nm for 8 hours on a FLUOstar
Optima plate reader (BMG, Durham, NC, USA) with the plate shaken within the reader for
5 seconds bhefore collection of each time point. Reactions containing final acceptor were run
at n =1, control reactions lacking final acceptor were run at n = 6 and control reactions
lacking both final acceptor and UDP were run at n = 3. At 8 hours, reactions were filtered
through a MultiScreen Filter Plate with a 10 kDa molecular weight cut-off (Millipore,
Billerica, MA, USA) according to manufacturer’s instructions at 4°C, frozen at -20°C, and
thawed for additional analysis (see Supplementary Methods and Supplementary Results).
Data analysis is described in Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Representative GT-catalyzed reactions. a) Classical GT-catalyzed transformation wherein
the sugar, presented in the form of a sugar nucleotide donor, is conjugated to an acceptor
target of interest to provide a thermodynamically-favored glycoside product. b) A GT-
catalyzed ‘sugar exchange’ reaction. In this reaction, a small amount of NDP is used to
‘prime’ the removal of the endogenous sugar appendage of a target complex natural product
thus enabling the exchange of a native sugar for an endogenous sugar supplied in vast excess
as a sugar nucleotide. ¢) A GT-catalyzed ‘aglycon exchange’ reaction where the sugar from
one complex natural product is excised (using excess NDP) and subsequently attached to a
structurally distinct target aglycon. d) The present study demonstrates the use of simple
activated glycosides to dramatically shift the thermodynamics of GT-catalyzed reactions and
thereby drive GT-catalyzed NDP-sugar synthesis, sugar exchange/and or aglycon exchange
reactions while also offering a convenient colorimetric screen for glycosylation.
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Fig. 2.

E\?aluation of putative donors for sugar nucleotide synthesis. (a) General reaction scheme.
(b) Structures of the f-D-glucopyranoside donors which led to (U/T)DP-glucose formation.
(c) Percent conversion of (U/T)DP to (U/T)DP-glucose with various donors (n = 2, standard
deviation < 5%). Reactions contained 2.1 uM (10 pg) OleD variant, 1 mM of (U/T)DP, and
1 mM of aromatic donor (1-9) in Tris-HCI buffer (50 mM, pH 8.5) with a final volume of
100 pl. After one hour at 25°C, reactions were flash frozen and analyzed by HPLC
(Supplementary Methods). The pK, for each corresponding donor aglycon is highlighted in
parentheses. (d) Plot depicting the relative Gibbs free energy of selected donors/acceptors in
relation to 33a. Small glycoside donors display large shifts in relative free energy,
transforming formation of UDP-GIc (33a) from an endo- to an exothermic process. The AG
°pHg.5 for 1, 2, 4,7, and 9 with UDP in Tris-HCI buffer (50 mM, pH 8.5) at 298K relative to
33a were determined in this study (Supplementary Methods). The AG® for 61a was
previously determined (at pH 9.0 and 310K)®).
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Fig. 3.

Tr?e synthesis of sugar nucleotides from 2-chloro-4-nitrophenyl glucosides. (a) General
reaction scheme. (b) Structures of 2-chloro-4-nitrophenyl glycoside donors evaluated for D-
sugars within this series, the differences between each member and the native OleD sugar
substrate (B-D-glucose) are highlighted in red. (c) Maximum observed percent conversion of
(U/T)DP to (U/T)DP-glucose within a 21 hour time course assay for each donor (n = 2,
standard deviation < 5%). Standard reactions contained 7 UM TDP-16, 1 mM (U/T)DP, and
1 mM of 2-chloro-4-nitrophenyl glycoside donor (9, 34-47) in Tris-HCI buffer (50 mM, pH
8.5) with a final volume of 300 pl. Over 21 hours at 25°C, aliquots taken at various times
were flash frozen and analyzed by HPLC (Supplementary Methods). For reactions with
UDP yielding <45% conversion under standard conditions (40, 41, 43-47), identical assays
using 10-fold less (U/T)DP (0.1 mM) were also conducted and, where relevant, the percent
conversions for the modified reactions are represented by the darker colors. HPLC
chromatograms, full time course data, and product characterization are presented in
Supplementary Fig. 9-12 and Supplementary Table 3. In all cases where both the a- and -
anomers were examined as donors, only the B-anomer was found to be a substrate
(Supplementary Methods and Supplementary Results).
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Fig. 4.
Evaluation of 2-chloro-4-nitrophenyl glycosides as sugar donors in coupled GT-catalyzed

transglycosylation reactions. (a) The scheme for a single enzyme (TDP-16) coupled system
with 4-methylumbelliferone (58) as the final acceptor (left) and a representative HPLC
analysis (right) using the donor for 6-azido-6-deoxy-D-glucose (37). Reactions contained 1
mM glycoside donor, 1 mM 58, 1 mM UDP, and 11 uM TDP-16 in a total volume of 100 pl
with Tris-HCI buffer (50 mM, pH 8.5) at 25°C for 24 hour and were subsequently analyzed
by HPLC (Supplementary Methods). For the representative reaction: (i) control reaction
lacking TDP-16; (ii) control reaction lacking UDP; (iii) full reaction where 37 is donor, 58 is
acceptor, 59d is desired product and - represents 2-chloro-4-nitrophenolate. (b) The scheme
for a double enzyme (TDP-16 and GtfE) coupled system with vancomycin aglycon (60) as
the final acceptor (left) and a representative HPLC analysis (right) using the donor for 6-
azido-6-deoxy-D-glucose (37). Reactions contained 1 mM glycoside donor, 0.1 mM 60, 1
mM UDP, 11 uM TDP-16, and 11 uM GtfE in a total volume of 100 ul with Tris-HCI buffer
(50 mM, pH 8.5) at 25°C for 24 hour and were subsequently analyzed by HPLC
(Supplementary Methods). For the representative reaction: (i) control reaction lacking
TDP-16; (ii) control reaction lacking GtfE; (iii) full reaction where 37 is donor, 60 is
acceptor, 61e is desired product and - represents 2-chloro-4-nitrophenolate. Sample
preparation and HPLC parameters, along with chromatograms (Supplementary Fig. 14 and
17), conversion rates, and mass characterization (Supplementary Table 4 and 5) for all
products are presented in supporting online material.
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Fig. 5.

Ut%lizing a colorimetric screen for glycosyl transfer. (a) Scheme for colorimetric screen
using the single enzyme (TDP-16) coupled format. (b) Evaluation of the colorimetric assay
with 58 as the final acceptor. The reactions contained 0.5 mM 9 as donor, 0.5 mM 58 as
acceptor, 5 uM UDP, and 11uM TDP-16 in a final total volume of 100 pl with Tris-HCI
buffer (50 mM, pH 8.5) in a 96-well plate incubated at 25°C for one hour. (i) Qualitative
color change after one hour for the full reaction (yellow square), a control lacking the final
acceptor 58 (white circle), and a control lacking UDP (red triangle). (ii) A410 nm over one
hour for the full reaction (yellow squares), a control lacking the final acceptor 58 (white
circles), and a control reaction lacking UDP (red triangles). (iii) HPLC chromatograms of
full reaction at 1, 5, and 60 min where 1 is desired product, 9 is the donor, 58 is the target
aglycon and » represents 2-chloro-4-nitrophenolate. (¢) The absorbance data and HPLC
chromatograms of three representative hits [(i) 62 (genistein), (ii) 79 (tyrphostin), or (iii) 92
(ciprofloxacin)] from the broad 50 compound panel screen using the single enzyme
(TDP-16) coupled format. In HPLC chromatograms 9 indicates donor; 62, 79 or 92
represent target aglycon; » indicates 2-chloro-4-nitrophenolate; and @ depicts glucosylated
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product(s). For the overall results of the 50 compound screen, additional representative
absorbance plots and chromatograms, and combined HPLC and LC/MS characterization, see
Supplementary Fig. 19-21 and Supplementary Table 6.
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